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This thesis presents a contribution to the design of single-photon detectors for
medical imaging. Specifically, the focus has been on the development of a pixel
capable of single-photon counting in CMOS technology, and the associated
sensor thereof. These sensors can work under low light conditions and provide
timing information to determine the time-stamp of the incoming photons.
For instance, this is particularly attractive for applications that rely either on
time-of-flight measurements or on exponential decay determination of the light
source, like positron emission tomography or fluorescence-lifetime imaging,
respectively. This thesis proposes the study of the pixel architecture to optimize
its performance in terms of sensitivity, linearity and signal to noise ratio.
The design of the pixel has followed a bottom-up approach, taking care of
the smallest building block and studying how the different architecture choices
affect performance. Among the various building blocks needed, special empha-
sis has been placed on the following:
• the Single-Photon Avalanche Diode (SPAD), a photodiode able to detect
photons one by one;
• the front-end circuitry of this diode, commonly called quenching and
recharge circuit;
• the Time-to-Digital Converter (TDC), which determines the timing per-
formance of the pixel.
The proposed architectural exploration provides a comprehensive insight
into the design space of the pixel, allowing to determine the optimum design
points in terms of sensor sensitivity, linearity or signal to noise ratio, thus help-
ing designers to navigate through non-straightforward trade-offs.
The proposed TDC is based on a voltage-controlled ring oscillator, since this
architecture provides moderate time resolutions while keeping the footprint,
the power, and conversion time relatively small. Two pseudo-differential delay
stages have been studied, one with cross-coupled PMOS transistors and the
other with cross-coupled inverters. Analytical studies and simulations have
shown that cross-coupled inverters are the most appropriate to implement
the TDC because they achieve better time resolution with smaller energy per
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A 1.3×1.3 mm2 pixel has been implemented in an 110 nm CMOS image sen-
sor technology, to have the benefits of sub-micron technologies along with the
cleanliness of CMOS image sensor technologies. The fabricated chips have been
used to characterize the single-photon avalanche diodes. The results agree with
expectations: a maximum photon detection probability of 46 % and a median
dark count rate of 0.4 Hz/µm2 with an excess voltage of 3 V. Furthermore, the
characterization of the TDC shows that the time resolution is below 100 ps,
which agrees with post-layout simulations. The differential non-linearity is
±0.4LSB, and the integral non-linearity is ±6.1LSB.
Photoemission occurs during characterization - an indication that the ava-
lanches are not quenched properly. The cause of this has been identified to be
in the design of the SPAD and the quenching circuit. SPADs are sensitive de-
vices which maximum reverse current must be well defined and limited by the
quenching circuit, otherwise unwanted effects like excessive cross-talk, noise,
and power consumption may happen. Although this issue limits the operation
of the implemented pixel, the information obtained during the characterization
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INTRODUCTION TO SIPM SENSORS
FOR MEDICAL APPLICATIONS
From the beginning of medicine, there has always been interest in studying the
inside of the human body. It has not been until the development of the first
medical imaging techniques that it has been possible to satisfy such curiosity
without invasive techniques, like surgery and catheterisation. One must go back
to the end of 1800 to find the first attempt to realize medical imaging. This can
be attributed to W. Röntgen and his studies on X-rays, thanks to which, he was
awarded a Nobel prize. As many other scientists in that era, W. Röntgen refused
to patent any of his inventions, because he understood the potential of that
technology and considered that the technique would be improved to the extent
that it was more accessible. This altruistic gesture and the natural curiosity of
humankind lead to the first X-ray machines composed of high voltage batteries,
as a power supply; a photographic plate, as a detector; and a X-ray tube, a vac-
uum tube evolved from the Crookes tube initially used by W. Röntgen. Despite
of its simplicity, the images obtained from these rudimentary machines were
able to provide valuable information about bone fracture, malformations, etc.
However, since the consequences of exposure of living tissue to ionizing radi-
ation were unknown at that time, those machines lacked shielding to confine
radiation. The first X-ray operators suffer from overexposure and, eventually,
died from its effects. It took long time, almost a century, and several lives to
realize that no dose of ionizing radiation is free from risk. As time advance,
technology allowed the development of more sensitive systems, like X-ray com-
puted tomography (CT) scans that provide three-dimensional information of
the inside of the body.
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1. INTRODUCTION TO SIPM SENSORS FOR MEDICAL APPLICATIONS
provement of technology have resulted in the development of other medical
imaging techniques such as: magnetic resonance imaging (MRI), based on
nuclear magnetic resonance of hydrogen atoms inside a magnetic field; ultra-
sound imaging, based on the transmission and refection of sound wave through
the body to determine its structure; or positron emission tomography (PET),
based on the detection of gamma photon pairs from the decay of a radio-tracer.
Comparing PET with the other techniques, its main peculiarity is that it provides
not anatomical but functional information of the body.
This chapter provides a brief historical review of the most important mile-
stones in electronics and medical imaging. It also gives the needed background
to understand the requirements of time of flight (ToF)-PET scanners and its
sensors. Furthermore, this chapter tries to build up a bridge between the appli-
cation designers and the sensor designers in order to set a common dictionary.
This will facilitate the communication and discussion among them.
1.1 Electronics and Medical Imaging: a Brief
History
A disclaimer must be done here, the history of science, and humanity itself,
can not be attributed to few individuals or milestones. It is full of serendipities,
independent parallel findings and, mostly, work based on the contribution of
scientists who preceded us. However, it is easier for us to reduce the history
to a time line, dotting the important dates, big discoveries or inventions. It
should not be forgotten that this is nothing more than a simplification. Take
as an example the radio communication: across the world, several scientists
and inventors, like G. Marconi, N. Tesla, O. Lodge and A. Popov among others,
were able to develop a technology to transmit information in electromagnetic
waves. Although their contribution is undeniable, all these names were part of
something bigger, a society, that gave them a reason to communicate. Being
aware of this and having done the disclaimer, it must be accepted that it is
impossible to synthesize the history of electronics and medical imaging in the
following paragraphs. If the reader is interested in digging a little bit more about
this topic, he or she can refer to the bibliography.
Electronics and medical imaging have been bound from their beginning,
since they share common ancestors, the Crookes tube and the vacuum tube.
The Crookes tube, invented by W. Crookes around 1870, is composed of two
electrodes (anode and cathode) placed at opposite ends of a low pressure gas
filled tube. Under high bias voltage, the electrons gain enough energy to travel
from anode to cathode. A fraction of these electron hits the glass wall behind
the cathode and excite its electrons. When these excited electrons return to
their ground state, they emit visible light, the so called cathode rays. The same
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1.1. Electronics and Medical Imaging: a Brief History
Figure 1.1: Hand with ring: one of the first radiographs taken by W. Röntgen (1872–
1919) of his wife Anna Bertha Ludwig’s hand (1872–1919). January 1895 [1].
process. That is, due to the deceleration of the electron when they are deflected
by other charged particle. Biasing the Crookes tube under such condition and
with the help of a photosensitive cardboard made of barium platino-cyanide, W.
Röntgen started paving the way of medical imaging in late 1895, by capturing the
radiograph of Anna Bertha Ludwig hand’s as figure 1.1 illustrates [1, 5]. In 1904, J.
A. Fleming also started paving the way of electronics using thermionic emission
principle to develop a vacuum tube that works as a rectifier. Years later, in
1907, Lee de Forest presented its “audion”, a tree-terminal vacuum tube able to
amplify the input signal, laying the foundations of electronics [6].
The discoveries in mathematics, physics and engineering served as a sub-
strate for the development of new medical imaging techniques. Concepts like,
Fourier transform, nuclear magnetic resonance, piezoelectricity, X-ray emis-
sion, absorption and its effects on the living tissue were the result of the work of
the scientific community as a whole during the last centuries. Meanwhile, the
advances in electronics, like the development of the first solid state transistor
by W. Shockley, J. Bardeen and W. Brattain in 1947 and the fabrication of the
first integrated circuit by J. Kilby in 1959, meant a paradigm shift to a much
more compact, cheaper, scalable and less power hungry systems. Thanks to
these discoveries, and a few more, between 1940 and 1955, the first medical
ultrasound scanners were reported by K. and F. Dussik [5], I. Edler [7] and J.
Wild [8]. The next important milestones in the history of medical imaging are
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1. INTRODUCTION TO SIPM SENSORS FOR MEDICAL APPLICATIONS
in 1972 [5]. These scanners uses X-rays to generate cross-section images of
body structures based on their density. Secondly, the MRI was reported in 1973
by P. Lautertur [9]. A MRI scan provides the distribution of body structures
with high content of hydrogen, such as water and fat, using the resonance of
hydrogen atoms inside a high magnetic field. Since MRI is not base on ionizing
radiation, it is consider safer than CT. Thirdly, in 1975, A group composed of M.
Ter-Pogossian, M. Phelps, E. Hoffman, N. Mullani demonstrated the working
principle of PET [10]. All these imaging techniques are not mean to substitute
the previous ones, but to provide additional information about different body
structures and their function.
Medical imaging has taken advantage of the benefits of technological scaling
in microelectronics. The incremental improvement of fabrication processes
and device miniaturization, not only allow the integration of smaller, less power
hungry and computationally more powerful systems, but also improved detector
sensitivity, spatial resolution and reduced noise. Additionally, mass production
of microelectronics reduced the system cost, allowing the benefits of medical
imaging techniques to be enjoyed by more people across the world.
1.2 Positron Emission Tomography
Unlike other medical imaging techniques, such as CT or MRI, that provides in-
formation about body structures, PET imaging provides functional information.
This is achieved by mapping the presence of a radiopharmaceutical, used as a
tracer, associated to the function that must be highlighted. This technique has
proved to be useful to study the brain activity and cancer metastases. Besides,
some studies show that it is possible to highlight infectious diseases [11]. Gen-
erally, fludeoxyglucose is the radiotracer used to highlight metabolic activity.
This radiopharmaceutical is a glucose analog, composed of a radionuclei 18F
substituting one of the -OH groups of the glucose molecule. For this reason,
the molecules of fludeoxyglucose are interpreted as glucose molecules by the
cells and gathered inside them until the radionuclei decays. Consequently, the
larger the metabolic activity, the larger the concentration of this molecule in-
side the cells. The radioactive decay of 18F could be a β+ process with 97% of
probability (1.1a) or a electron capture process with 3% of probability (1.1b):
18
9 F →188 O +e++νe (1.1a)
18
9 F +e− →188 O +νe (1.1b)
where 189 F is the fluorine radionuclei with a half-life of 10 min [12];
18
8 O is a
stable oxygen isotope; e+ is the positron, the anti-particle of the electron; νe is a
neutrino; and e− the electron. Electron capture process has no interest, because
it does not emit a positron. Fortunately, this process only represent the 3 %.
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1.2. Positron Emission Tomography
The created positron will travel a mean free path of 1 mm [12], until it collides
with an electron. The result of this collision is the annihilation of both particles
and the production of a pair of gamma photons moving in opposite directions,
each one with an energy of 511 keV [13]. Since the positron and the electron
may have non-zero kinetic energy, the angle between the two trajectories is
180°±0.25° FWHM.
A conventional PET scanner, like the one shown in figure 1.2-(a), is com-
posed of a few detector rings. Each ring, in turn, is divided into several detector
blocks, which are made up of a scintillator crystal and a photodetector. In a first
approximation, when the pair of gamma photons is detected by the ring, a line
of response (LOR) can be drawn between the hit detectors. Since there is no
more information about the annihilation, the probability that the annihilation
have occurred at a given point along the LOR is distributed uniformly. In these
scanners, it is necessary to acquire several LORs to identify the points where
the radiotracer is decaying to reconstruct the image. On the other hand, the
ToF-PET scanner, as the one represented in figure 1.2-(b), is able to estimate
the arrival time of gamma photons, which reduces the uncertainty on the anni-
hilation point along the LOR. The spacial accuracy of these scanners is function
of the temporal accuracy of the detector:
σLOR = σC T R
2c
(1.2)
where σLOR is the spacial accuracy in the LOR; σC T R is the coincidence time
resolution (CTR), the temporal accuracy of the detector; and c is the speed
of light. The performance of ToF-PET scanners is usually compared to con-
ventional scanners by means of the CTR and the image quality improvement
associated with it. The signal to noise ratio (SNR) improvement between ToF






c σC T R
(1.3)
where SN RPET−T OF is the signal to noise ratio of the ToF-PET scanner, SN RPET
is the signal to noise ratio of the conventional PET scanner, Dbod y is the pa-
tient’s body diameter and c is the speed of light. A reduction of CTR brings an
improvement of image quality [15], a shorter acquisition time and a smaller
radiation doses.
Notwithstanding the above, there are some non-idealities that have not
being taken into account and deteriorate the image quality. Firstly, as figure 1.3-
(a) illustrates, random coincidences are produced when two gamma photons
from different annihilations are classified as if they had the same origin. This
usually happen when some annihilations occur outside the gantry, or field of
view (FOV), of the scanner or when the direction of the gamma photon travels
away from the FOV. The most immediate solution to solve the problems of a
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Figure 1.2: Positron emission tomography (PET) working principle: (a) conventional
scanner and (b) time of flight (TOF) scanner.
the improvements in image quality and acquisition time, this is prohibitive on
many occasions due to the high cost of the components, mainly scintillator
crystals [17]. Secondly, gamma photons can also suffer several scattering along
their trajectory. As figure 1.3-(b,c) represents, this can happen inside the pa-
tient’s body or the scintillator. This kind of interaction between gamma photons
and matter, changes the direction and reduces the energy of the gamma photon.
Generally, in order to reduce the impact of this non-ideality, only events with
an energy close to 511 keV are considered during the image reconstruction, the
others are discarded. Also, to reduce the probability that the gamma photons es-
capes from scintillator, high density crystal, like lutetium oxyorthosilicate (LSO),
bismuth germanate (BGO) or lead tungsate (PWO), are preferred over others
less dense, like cesium iodide (CsI) or sodium iodide (NaI).
1.3 Scintillation Phenomena and Light
Propagation
Since the discovery of the scintillation phenomena of zinc sulfide (ZnS) in 1903
by W. Crookes [18], a lot of effort has been done by the community to understand
the physics behind and to develop new compounds [2]. It is indispensable for
the electronic designer to understand the most basic physical phenomena
occurring during a scintillation, like the transformation of gamma photons into
optical photons, light propagation and extraction from the scintillator to the
sensor. This is important because the scintillator is a key part of the sensor
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Figure 1.3: PET non-idealities: (a) random coincidence, (b) scatter coincidence and (c)











Figure 1.4: Band diagram of a scintillator crystal.
visible photons that can be detected by silicon photodiodes. To properly design
the sensor, it is important to understand the way this transformation is done, its
magnitude, dynamics and spatial distribution. It is also necessary to be aware
of secondary phenomena that may have the key for producing prompt photons
which will bring a CTR improvement in a near future, like Čerenkov radiation or
hot intraband luminescence [19].
For PET scanners, inorganic scintillators have been used because of their
larger light yield (photons/MeV), radiation hardness and fast response, com-
pared to organic or plastic scintillators. From the point of view of light genera-
tion, these crystals can be classified into few categories, depending on which
type of recombination center is present in their crystalline lattice: doping im-
purity or activator, like cerium/calcium doping in LSO and lutetium yttrium
orthosilicate (LYSO); self-trapped excitons, like CsI; luminescence ion, like Bi+3
in BGO; and may others [2, 20].
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1. INTRODUCTION TO SIPM SENSORS FOR MEDICAL APPLICATIONS
with its band diagram, as the one shown in figure 1.4. Scintillator crystals can
be considered as insulators, since its band gap is high enough to prevent free
electrons in the conduction band at room temperature, in the order of 5 eV [21].
This means that the electrons in the valence band are bound to the crystal lattice,
while the conduction band is empty. In scintillators with doping impurities as
recombination centers, like Ce+3, Eu+2 or Tl+ [2], the impurities add several
discrete energy levels in the band gap, without changing the valence or the
conduction band. In these recombination centers, the excited electron can
be here recombined with an hole emitting a large number of photons in the
visible spectrum [20, 21]. On the contrary, some scintillators, like BGO, does
not need a doping impurity, because its crystal lattice include a luminescence
ion intrinsically. In the case of BGO, the Bi+3 ion is the recombination center of
the crystal lattice where electrons returns to their ground state [20].
All in all, a scintillation event can be summarized as follows: an ionizing
particle, like a gamma photon, provides enough energy to an electron in the
valence band and generates a free electron-hole charge. The hole travels to a
recombination center, since the ionization energy of crystal lattice is higher
than the ionization energy of recombination center. The electron also travels to
find the ionized recombination center. At this point, the recombination center
becomes neutral and the electron starts its de-excitation, emitting thousands of
photons in the ultraviolet and visible spectrum [20]. This emission is isotropic,
that is, in any direction, and its dynamics can be described with one or several
exponential decays [18]:











where N is the total number of emitted photons at time t , τ f is the fast time
constant, τs is the slow time constant, A and B are relative magnitudes of light
yield that depends on the scintillator. LSO and LYSO are commonly modeled
with one time constant of 40 ns, while PWO is modeled with two time constant:
τ f = 10ns and τs = 30ns [22]. A summary of some scintillator properties is
given in table 1.1. In spite of the above, several interactions may occur between
a gamma photon and the crystal electrons. Mostly, these interactions can be
divided into Compton scattering and photoelectric absorption [23]. In a photo-
electric absorption, the whole energy of the gamma photon is transfer to the
electron. While, in a Compton scattering, the gamma photon transfer a frac-
tion of its energy to the electron, generating a free electron-hole pair. The new
trajectory of the gamma photon changes an angle proportional to the amount
of transferred energy [24]. Since the gamma photon can suffer several Comp-
ton scatters before undergo in photoelectric interaction, the event energy is
distributed across the crystal. When this happens, it is very difficult to estimate
the entrance point of the gamma photon and, therefore, to reconstruct the LOR,
as figure 1.3-(c) illustrates. To overcome this limitation, new architectures of








































































































ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-850a-5af3-75df-4bf9-bd5d-d519-c328-e9be 31/03/2020 09:53:25 Horario peninsular
Nº registro DIRECCIÓN DE VALIDACIÓN
O00008744e2000017793 https://sede.administracionespublicas.gob.es/valida
GEISER-850a-5af3-75df-4bf9-bd5d-d519-c328-e9be
1.3. Scintillation Phenomena and Light Propagation
Table 1.1: Properties of common scintillator crystal used in medical and high energy
physic applications [2, 3, 4].
NaI:Tl CsI:Tl BGO PWO LSO:Ce
Density (g/cm3) 3.67 4.51 7.13 8.3 7.4
Light yield (photons/MeV) 38000 68000 8200 300 27000
Energy resolution (%) 7.4 7.9 10.8 75 9.1
Time constant (ns) 245 1220 300 10 40
30
Emission peak (nm) 410 550 480 420 420















Figure 1.5: Photoelectric event and light propagation phenomena in a detector block
composed of a scintillator crystal, an absorptive coating, an optical coupling medium
and a photodetector. If n1 > n2, total internal reflection occurs and the light profile over
the sensor can be simplified to a cone shape with radius r and height h.
taking into account also the information from Compton interactions, thanks to
a multi-layer structure.
Once the optical photons have been created inside the crystal, the trans-
mission, refraction and reflection become the most important phenomena for
the designer, since they shape the light distribution over the photodetector.
Monolithic crystal are preferred over pixelated crystals for several reasons. First
of all, as figure 1.5 illustrates, with monolithic crystals, the spatial distribution of
light during the absorption of the gamma photon can be sampled and studied.
This allows to reconstruct and estimate the position where optical photons
have been generated [25, 26]. Generally, this is done by calculating depth of
interaction (DOI). In order to increase the light extraction, the crystals usu-
ally have a large surface coupled to the photodetector and small thickness, i.e.,
10×50×50mm3 [27].
Additionally, it is evident that the number of reflections and absorptions
inside the crystal must be minimized to maintain the spatial distribution of
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1. INTRODUCTION TO SIPM SENSORS FOR MEDICAL APPLICATIONS
In this sense, scintillators are transparent, with transmission coefficient close
to 80 % [22], respect to their emission spectrum. However, this may not be the
case for Čerenkov photons whose spectrum is close to the ultraviolet. For these
wavelengths the transmission coefficient is small and Čerenkov photons are
mostly absorbed by the crystal. As figure 1.5 represents, the interface between
the crystal and the photodetector is composed of optical coupling, generally op-
tical grease. If the refractive index of the scintillator is higher than the refractive
index of the optical coupling, total internal reflection occurs. This phenomena
imposes a critical angle, from which each incident photon is reflected. This







where θc is the critical angle, n1 is the refractive index of the scintillator and n2
is the refractive index of the optical coupling. This angle limits the amount of
photons reaching the sensor surface. For example, the refractive index of LSO
is 1.82 and, typically, optical grease has a refractive index of 1.5, this leads to
a critical angle of 56.44°. In order to improve light extraction, some methods
proposed the use of photonic crystals at the surface of the crystal. They act as
a matching impedance between the scintillator and the coupling medium [28,
29, 30]. The critical angle provides useful information about the light shape
over the sensor and its magnitude. In a conventional set-up, like the one of
figure 1.5, the amount of optical photons hitting the photodetector can be
estimated. The worst case scenario is given by photoelectric events close to the
detector surface, because it brightness can saturate the photodetector if it is not
properly designed. Considering that photoemission is isotropic, the solid angle







whereΩ is the solid angle of the cone with its apex angle of 2θc and its basis at
the detector surface, see figure 1.5. The amount of photons leaving the crystal,
without considering black reflections, can be estimated by the fraction of the
generated photons during the scintillation and the solid angle from (1.6):
Pout = Ptot al
Ω
4π






where Pout is the number of photons leaving the crystal, Ptot al corresponds to
the total number of photons generated during the scintillation,Ω is the solid
angle between the scintillator and the optical coupling, 4π is the total number
of steradians of a sphere, LY is the light yield of the scintillator, E is the energy
of the gamma photon. From expression (1.7), if the thickness of the optical









































































































ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-850a-5af3-75df-4bf9-bd5d-d519-c328-e9be 31/03/2020 09:53:25 Horario peninsular













where Hq is the cumulative optical photons per area, Ai n is the incidence area
of the sensor, h is the distance between the recombination center and the crystal
surface. Considering an interface between LSO crystal (LY = 27000photons/MeV
and n = 1.82) and optical grease (n = 1.5); a photoelectric interaction of 511 keV
with a distance h = 1mm, the critical angle is θc = 56.44° and the maximum
density of optical photons per area is:







This upper bound value of Hq = 450photons/mm2 only takes into account
the forward emission. However, it provides an idea of the maximum magnitude
of input light and shows that the sensor will work in single-photon regime, even
when the gamma photon deposits all its energy close to the sensor.
1.4 Photodetector
Once the optical photons have left the crystal, they must be detected and
translated into electrical signals that can be processed. To do so, the first PET
scanners rely on photomultiplier tube (PMT)s as a photodetectors. The PMT
have their origin in the vacuum tubes developed by H. Iams and B. Salzberg
in 1935 [31]. The figure 1.6 represents the working principle of conventional
PMT. An incident photon with enough energy hit the photocathode and, thanks
to the photoelectric effect, a free electron is produced. Next, this electron is
accelerated toward the first dynode, due to the high electric field between the
photocathode and the dynode. Then, the collision with the first dynode gener-
ates more electrons, that at the same time are attracted to the second dynodes.
This multiplication process finishes at the anode where the signal is sampled
by the front-end electronics. Thanks to their high gain, linearity, robustness,
radiation hardness, fast response and low noise, these devices were the best
option for a broad range of applications, not only single-photon detection,
since their adoption in the early 1940s. Usually, the main drawbacks of these
devices are associated with their high bias voltage, power consumption and
non-compatibility with magnetic fields.
During the last decades, the silicon photomultiplier (SiPM) has rose as a
solid state alternative to substitute PMTs in many applications. As figure 1.7
represents, SiPM are composed of an array of SPADs with quenching circuitry
connected in parallel and biased on the Geiger mode, i.e., reversed biased
above the breakdown voltage. Broadly speaking, the working principle of these
devices can be summarize as follows: an incident photon with enough energy is
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Figure 1.6: Photomultiplier tube working principle. The photoelectric effect generates
a electron at the photocathode. The electrons are drifted by the electric field the the
dynodes, where more electrons are emitted.
a free electron-hole pair is produced. These free charge carriers are accelerated
by the high electric field in the depletion region. The collisions of these charge
carriers with the crystal lattice release more electron-hole pairs in a process
called impact ionization [32, 33]. This sharp current rise, also called avalanche,
is detected by the front-end electronics. Another function of the front-end
electronics is to limit the amount of current flowing through the SPAD, quench
it and reset the device to its original bias condition, ready for another detection.
Compared to PMT, the SiPM has a smaller power consumption, bias voltage
and it is compatible with magnetic fields and more compact, allowing higher
spatial resolution. The main drawbacks of these devices are their high noise
and low radiation hardness.
In figure 1.7-(a) the schematic of an analog SiPM is shown, each one of
the micro-cells of this device is composed of a SPAD and a passive quenching
resistor. The output of an analog SiPM provides a current proportional to the
number of detected photons. In order to optimize the quantum efficiency (QE),
reduce noise and increase fill factor, analog SiPMs are usually fabricated into
custom process. On the contrary, digital SiPMs are fabricated with CMOS or
CMOS image sensor (CIS) technologies. As figure 1.7-(b) represents, the main
advantage of this approach is the flexibility that the designer have to implement
processing logic close to the focal plane of the SiPM, i.e. to determine the
photons arrival time with a TDC. This flexibility comes at the expense of a
degradation of QE, noise and fill factor. Before evaluating and comparing the
performance of the state of the art, several parameters and figure of merit (FOM)
must be defined briefly:
• Photon detection probability (PDP) is the ratio between the detected
photons and the incident photons without considering losses due to
dead area. It depends on the technology, incident wavelength, the SPAD
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Figure 1.7: (a) Analog silicon photomultiplier (SiPM) and (b) digital SiPM with common
read out.
• Fill factor (FF) is the ratio between the photo-sensitive area and the dead
area of the device, micro-cell, pixel or chip. The device fill factor is limited
by the technology, since every SPAD requires a surrounding structure,
guard ring, to confine the high electric fields. Without a proper guard ring
the functionality of the SPADs is not guaranteed.
• Dark count rate (DCR) is the number of avalanches counted when the
device is in complete darkness. This source of noise is uncorrelated with
other sources and it is function of temperature and bias voltage.
• Cross-talk is the probability that one SPAD provokes avalanches in neigh-
boring SPADs. A cross-talk event can be trigger by diffused charge carriers
or photon generated by avalanche photo-emission.
• After-pulsing is the probability that a secondary avalanche is triggered
due to the delayed release of charge carriers from deep level traps, like
impurities and defects in the silicon lattice. These deep level traps are
filled during a previous avalanches, and released sometime after that.
• Coincidence time resolution (CTR) is the time accuracy of two detectors
working in coincidence. In a PET scanner, it takes into account the contri-
bution of all the sources of uncertainty or jitter. From the system clock
jitter to the SPAD and TDC jitter.
The state of the art of SiPMs for ToF-PET is summarized in table 1.2. It can
be observed that custom technologies provide better performance in terms of
PDP and DCR. However, they require additional circuit to estimate the photons
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1. INTRODUCTION TO SIPM SENSORS FOR MEDICAL APPLICATIONS
Table 1.2: State of the art of Silicon Photomultiplier (SiPM).
[37] [38, 39] [40, 41] [42, 43] [44] [45, 46]
Architecture Analog Analog Analog Digital Digital Digital
Technology (nm) Custom Custom Custom 180 Custom 130 CIS 350 HV
SiPM pitch (mm) 3 3 4 4 0.59 0.8
SPAD size (µm2) 2500 1225 2500 3780 210 1200
SPAD/SiPM 3531 5676 6400 3200 720 416
PDP (%) 68 51 76 54 45 32
FF (%) 74 75 42 74 43 57
DCR (Hz/µm2) - 0.05 0.2 0.15 65 50
Cross-talk (%) 7 8 - 7 2 1.8
After-pulsing (%) - 0.25 - 0.1 0 -
CTR (ps) 180* 220* 200* 325** 400* 400*
* Laboratory set-up; ** PET-TOF scanner.
integration of on-chip processing logic, like event detection, TDC and commu-
nication logic. Nevertheless, the area occupied by these logic has a negative
impact on the FF. Also, the DCR of a digital SiPM is two order of magnitude
higher than that of their analog counterpart. Apart from ToF-PET, some other
applications, like fluorescence-lifetime imaging microscopy (FLIM) [34] and
light detection and ranging (LiDAR) [35], also benefit from on chip processing
logic. However, it seems evident that the current trend is to implement the
designs into 3D-stacked technologies [35, 36]. Unfortunately, nowadays this
kind of processes are not widely available. To the best of the author knowledge,
the honors of bringing together the best of analog and digital SiPMs is not yet
claimed.
1.5 Case Study and Desired Features (Thesis Goals)
As it has been shown in previous sections, PET scanners can improve their
image quality via SNR improvement applying ToF. The technology scaling that
has been pushing the microelectronics industry to its limits year after year has
improved the working frequency, power consumption and occupation area of
consumer electronics. Almost every circuits in a digital SiPM benefits from this
trend, specially the TDC in terms of temporal resolution. However, technology
scaling does not always improves SiPM performance. The SPADs are the most
affected devices when they are implemented in small technology nodes. This is
because they suffer from low yield, due to the high doping concentration and
non-spatial uniformity of the doping layers used to implement the device. To
slightly alleviate this, CIS technologies are good alternatives. Although they
have not been completely optimized for SPADs, these technologies contain less
impurities and defects than standard CMOS. Also, they offer some properties
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technology has been chosen to design the digital SiPM for ToF-PET. 3D-stacked
technologies have not been tested because of their high cost and because there
is still room at the bottom to exploit the performance of SiPM in CMOS and CIS
technologies.
The main goal of this thesis is to design a digital SiPM able to perform
three main functions: to detect and count photons, to measure their arrival
time and to process the scintillation event. Single-photon detection can be
performed in CIS technologies with SPADs. However, the integration of such
full custom devices is not trivial, because it requires a careful design and a deep
knowledge of the process. The technology also allows the integration of active
quenching and recharge circuit (AQRC) and digital logic to count the pulses
generated by the avalanches. Moreover, time measurements can be done with a
TDC. Since time resolution depend on the TDC architecture, it is necessary to
study which architecture fits better this application. Specifically, a small area
footprint is required to reduce dead area and increase fill factor. Also, a small
conversion time is preferable to reduce temporal blind spots. Furthermore,
power consumption should be also low to reduce the variations associated to
thermal gradients. Additionally, time resolution should be small enough for
not to be the dominant source of uncertainty. Also, an event processing finite
state machine (FSM) must be flexible enough to study different trigger logic
and threshold alternatives. For the proposed prototype, such flexibility can be
achieved by reconfigurable logic, preferably a field-programmable gate array
(FPGA).
Once the three main blocks and the rest of auxiliary logic are designed, the
next step is to start the architectural exploration of the SiPM. This optimization
process relies on the fact that each photon carries valuable information about
its origin, therefore, photon detection and counting must be maximize. The
architectural exploration provides an insight into the design space of these
sensors, and helps to identify optimum points. This information helps the
designer to justify their election and make the design more straightforward. The
final step consist in the experimental characterization of the designed blocks
and verification of the design approach.
1.6 Thesis Organization
Chapter 2 explains the design steps of two full custom SPADs and its AQRC in
a CIS technology. In chapter 3, some TDC architectures are discussed and the
design of a TDC based on VCRO is described. The architectural exploration of
the SiPM is carried out in chapter 4 based on analytical methods. In chapter 5,
the characterization of the SiPM is carried out. Chapter 6 discuss the main
results and limitations of the design. Based on the experience gained during the
design and characterization of the first prototype, the future work is described.
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SPADs are usually full custom devices, i. e. foundries do not provide them as
a library blocks in standard CMOS technologies, not even in CIS technologies.
Sometimes this means to break few of their design rules. Since these diodes
are biased above the breakdown voltage of its sensing junction, special care
must be taken during design to prevent disturbances to the surrounding logic.
A common way to plan the design of complex circuits is to divide them into
different levels of abstraction. At architectural level, the important metrics for
each application need to be extracted, namely power consumption, bandwidth,
QE, etc. At circuit level, the limitations of technology can set new boundaries
to our study. At physical level, deviations caused by mismatch and process,
voltage and temperature (PVT) variations must be considered to reduce its im-
pact in the final implementation. In analog circuits, this planning is especially
needed to guarantee signal integrity, since all transformations add distortion
and noise. Despite SPADs are designed as full custom analog cells, their work-
ing principle allows designers to digitize their internal state: ‘avalanche’ and
‘no-avalanche’. This is especially useful while working in single-photon regime,
because this relates each digital pulse with an incident photon, if an ideal noise-
less device is considered. Therefore, distortion would not affect, in principle,
in the single-photon regime. In real devices, a fraction of the digital pulses
are associated to noise. These false counts come from avalanches triggered by
free charge carriers, generated by Shockley-Read-Hall (SRH) effect or band-to-
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Figure 2.1: Cross-section of the p-n junction.
critical. Permanent damage may occur to the SPAD if the avalanches are not
properly quenched. This is because avalanche current can reach magnitudes
on the range of milliamperes, leading to thermal damage and, in the long term,
electromigration.
This chapter is focused on the description of SPAD structures with low
DCR and high PDP. The considered devices operates at 400–500nm range to
match the output wavelength of LSO scintillator. Section 2.1 describes the
working principle of an ideal SPAD. In section 2.2, the most used structures are
presented and their main trade-offs are described. Section 2.4 describes the
main characteristics of quenching and recharge circuits.
2.1 SPAD Working Principle
SPADs are diodes operating in reverse bias. Their bias voltage is beyond the
breakdown voltage (VBD ). This is an unstable equilibrium point1 at which any
free charge carrier at the depletion region has a probability to trigger a self-
sustained avalanche. Analytically, this conditions is achieved when the integral
of the mean ionization rate for the charge carriers, αn,p , in the depletion region




αn,p d z (2.1)
where WD is the depletion region width as figure 2.1 illustrates. The integral in
expression (2.1) is the so called avalanche condition. It states that the average
distance for a free charge carrier to generate more carriers via impact ioniza-
tion must be smaller the depletion region width [47]. When the avalanche is
triggered in a semiconductor with different ionization rates for electrons and
1Here the term unstable equilibrium point is used rather than metastable point, because
metastability is usually defined in electronics as a point with non-valid output. Generally, in
digital electronics, a signal is metastable when its value is different from the defined states. In
binary logic this means a value different than ‘0’ or ‘1’. However, SPADs are analog devices
whose state is defined, even when they are biased beyond its breakdown voltage, their output
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2.1. SPAD Working Principle




















(αp −αn)d z ′
]
d z (2.2b)
where αn and αp are the ionization rates for electrons and holes, respectively.
Expression (2.2a) describes the avalanche condition when the avalanche is initi-
ated by electrons and expression (2.2b) when it is triggered by holes. Since both
charge carriers can initiate avalanche, these two equations are equivalent [33].
The breakdown voltage, VBD , can be derived numerically from (2.1) and the







where εs is the dielectric constant of the semiconductor, ξm is the maximum
electric field in the depletion region, q is the charge of the electron and N is
the impurity concentration of the low-doped layer. Although this expression is
an approximation, it shows that the breakdown is inversely proportional to the
layer doping, a behavior that is observed experimentally [48, 49].
The polarity and current sense criteria commonly used in the bibliography
is shown in figure 2.2-(a). The reverse I-V characteristic of a SPAD is depicted in
figure 2.2-(b). When the voltage between the cathode and the anode is above
the breakdown voltage (VK A = VBD +Vex , with Vex > 0V), the condition for
avalanches to be self-sustained is meet. Under such bias, also called Geiger
mode, the electric field at the depletion region is so high that any free charge
carrier can be accelerated and gain enough kinetic energy to free more electron-
hole pairs in a process called impact ionization [32, 33]. This biasing point is
illustrated by the dotted line in figure 2.2-(b).
The seeding of an avalanche by an incident photon is depicted in figure 2.2-
(c). The seed growth leads to an exponential current increment, until it saturates,
as a result of a local lowering in the electric field. Then, the avalanche starts
propagating from the seed point to the rest of the active area as figure 2.2-(c)
illustrates [50, 47]. Two mechanisms are involved in the horizontal propagation
of the avalanche. The first is the growth of the original seed by transversal carrier
transport with a maximum spreading speed [50]. The second one is produced
by the emitted photons during the avalanche [51]. This photon-assisted prop-
agation creates new seeds at different locations of the active area [52]. These
two processes are of a stochastic nature since the position where the incident
photon is absorbed and its spreading are purely random processes. Generally,
SPADs are connected in series with an impedance element to limit the current
through them. Figure 2.2-(a) represents the simplest circuit that limits the ava-
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Figure 2.2: Single photon avalanche diode (SPAD) working principle: (a) SPAD with
resistive quenching and recharge; (b) current as a function of voltage for a diode bias
in the Geiger mode; (c) SPAD cross-section during avalanche with seeding point and
photon-assisted propagation; and (d) transient voltage at the anode of the SPAD during
avalanche.
this ballast resistor is an increase of the anode voltage as the current rise, hence
a reduction of the cathode-anode voltage below the breakdown level, as it is
represented by dashed lines in figure 2.2-(b, d). Note that the avalanche can only
be quenched if the voltage across the SPAD terminals is below the breakdown
voltage or, in other terms, if the current across the SPAD is below the minimum
current that guarantee a self-sustained avalanche. Once quenched, the anode
is discharged slowly down to zero volts, returning to the initial biasing point.
Since any free charge carrier can trigger an avalanche, these devices are
sensitive to free charge carrier generated from photoelectric effect, Shockley-
Read-Hall (SRH) effect and band-to-band tunneling. The former phenomena
are the primary source of uncorrelated noise in SPADs. Another interesting
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Figure 2.3: SPAD cross-section with superficial junction: (a) without guard ring, (b)
with P-well guard ring and (c) virtual guard ring.
secondary triggers due to the release of charge carriers from deep level traps
that were filled during the avalanche. It is therefore are a source of correlated
noise. As expected, the larger the number of carriers crossing the junction, the
larger the number of filled traps [53]. As it will be seen in the following section,
designers can attenuate the impact of these noises with careful design.
2.2 SPAD Structures
All the characteristics of the SPAD are determined by its physical structure.
PDP, DCR, jitter, etc. derive from a particular combination of physical layers.
However, designers do not have often the necessary information to perform
simulations with the help of technology computer-aided design (TCAD) tools,
as the foundries are wary of providing sensitive data such as doping profiles or
junction depths. The exploration of SPAD structures without the reliable data is
a difficult task. Sometimes, several iterations are needed to infer and correct
the errors.
Commonly, designers working with a CIS technology are limited to the lay-
ers that produce a p-n junction parallel to the silicon surface, i.e. the incident








































































































ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-850a-5af3-75df-4bf9-bd5d-d519-c328-e9be 31/03/2020 09:53:25 Horario peninsular
Nº registro DIRECCIÓN DE VALIDACIÓN
O00008744e2000017793 https://sede.administracionespublicas.gob.es/valida
GEISER-850a-5af3-75df-4bf9-bd5d-d519-c328-e9be



































Figure 2.4: SPAD cross-section with deep junction: (a) red-sensitive structure and (b)
near infrared sensitive structure.
tion of layers, the designers choose the SPAD structure that provides the best
performance for their applications. A common way to classify these structures
is using the junction depth, because a large number of SPAD parameters de-
pends on it, directly or indirectly. For example, as in any other photodiode,
the junction depth affects the wavelength at which the peak of sensitivity is
found. In the following subsections, the benefits and drawbacks of SPADs im-
plemented with superficial junctions [48, 54, 55, 56] (see figure 2.3) and deep
junctions [48, 49, 54] (see figure 2.4) are discussed.
2.2.1 Noise
Noise in SPADs consists of spurious avalanches produced by charge carriers
whose origin is different from photoelectric effect. Noise sources can be divided
into uncorrelated and correlated. The dark count rate (DCR) groups together all
uncorrelated noise sources. They are manly the result of thermal trap assisted
carriers generated, by SRH, and carriers jumping from valence to conduction
band, i.e. band-to-band tunneling. These phenomena are represented in fig-
ure 2.5 [57]. Although purely thermal carriers (no trap is involved) can also be
generated by SRH, this noise source is less common in indirect band gap semi-
conductors, like silicon [46]. Generally, superficial p-n junction are composed
of diffusion and well layers as indicated in figure 2.3. Since these structures
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Figure 2.5: SPAD noise sources: (a) thermal trap assisted Shockley-Read-Hall gener-
ation, (b) thermal Shockley-Read-Hall generation, (c) carrier release from trap (after-
pulsing), (d) band-to-band tunneling and (e) trap assisted band-to-band tunneling.
the deeper junctions composed of less doped layers, like those represented
in figure 2.4. The main cause for this is the rise of band-to-band tunneling
contribution due to a thinner depletion region [57].
On the other hand, correlated noise sources produce secondary avalanches
after a primary avalanche has occurred. They can be classified in after-pulsing
and cross-talk. An after-pulse is produced when a free charge carrier is captured
by a deep-level trap during an avalanche and it is released some time later,
see figure 2.5. These traps are impurities or defects in the silicon lattice. The
after-pulsing probability can be calculated as [46]:
Pap (t ) = Pt Pav exp(−t/τt )
τt
(2.4)
where Pap (t ) is the after-pulsing probability at time t after the primary avalan-
che; Pt is the trap capture probability, it depends on the density of impurities in
the lattice and the current flux during avalanche; Pav is the probability that a
free charge carrier triggers an avalanche; and τt is the trap lifetime [46]. From
the designer point of view, there are several ways to reduce after-pulsing. The
first step is to choose a clean technology in order to reduce the number of im-
purities and defects that act as traps. Next, some SPAD structures suffer from
more after-pulsing than others. For example, when shallow trench isolation
(STI) are used as a guard ring, the interface states at silicon-SiO2 boundary, act
as traps [58, 59, 60]. Also, the maximum current during the avalanche can be
limited to reduce the amount of trapped charges. Finally, the dead time of the
SPAD can be adjusted to be larger than the trap lifetime. Doing so, a significant
fraction of traps are discharged before the SPAD becomes sensitive again.
Cross-talk is the probability that one SPAD provokes avalanches in any
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Figure 2.6: SPAD electrical and optical cross-talk.
initiated by diffused charge carriers or photons generated by avalanche photo-
emission [52, 61] traveling through the silicon bulk to the active area of a dif-
ferent SPAD [47, 46]. For these reasons, opaque and isolating guard rings are
required. Unfortunately, sometimes this means to increase the guard ring area
and, hence, to reduce the fill factor. The junction depth is especially relevant
in this aspect, because superficial junctions are better confined by their guard
rings, which are more effective as a physical barrier to surround the active area
and to prevent particles generated during the avalanche to travel to other SPAD’s
active area. As reported in [54], SPADs with deep junction are less isolated be-
tween each other, because charge carriers are not so well confined.
2.2.2 Photon Detection Probability
The photon detection probability (PDP) is the ratio between the detected and
incident photons for a normalized area. PDP can be calculated as:
PDP =QE (λ) ·Pav (Vex) (2.5)
where QE(λ) is the quantum efficiency, i.e. the probability that a photon of a
given wavelength, λ, generates a free electron-hole pair; and Pav (Vex) is the
probability that a free charge carrier triggers an avalanche, which is a function
of the excess voltage (Vex). Practically, this means that deeper junctions are
more sensitive to longer wavelength, because the charge carriers generated
by them are closer to the active area. This allows the designers to choose the
structure that provides the PDP peak closer to the applications needs, selecting
the more appropriate junction depth. This metric is more useful than photon
detection efficiency (PDE) at this level, because it focuses on the performance
of the technology and junction, not in the fill factor of the diode and the diode
array.
As it is expected, SPADs with superficial junctions, like the ones of figure 2.3-
(b,c), are preferred in applications where higher sensitivity to blue is needed [43,
62]. On contrary, the junctions represented in figure 2.4 are a common choice
when high sensitivity to red or near-infrared is required [49, 62].
2.2.3 Jitter
Jitter in SPADs is related with the seeding point of the avalanche, its horizon-
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tion 2.1, the seeding point is the place where the incident photon creates the
first electron-hole pair that initiates the avalanche. After that, the avalanche
begins to spread to the rest of the active area and the current rises [50, 52]. Since
the avalanche current depends directly on the avalanche propagation, its rise
time is also affected by the stochastic nature of these processes. Therefore, if the
avalanche is detected by the rising edge of the avalanche current, the jitter can
be defined as the standard deviation, or FWHM, of the avalanche propagation
time. It is important to notice that the size of the depletion region, both the total
active area and the width of the depletion region itself (measured in a direction
that is perpendicular to the junction), has an impact in the jitter. This is because
the avalanche propagation time depends on the size of the depletion region.
Statistical variations appear in the number of the emitted photons, so they have
an impact in the jitter [52]. As of today, the smallest jitter reported corresponds
to shallow diffusion/well junctions and small SPAD areas [48, 63, 56].
2.2.4 Premature Edge Breakdown
Premature edge breakdown (PEB) occurs in areas where the electric field is
locally higher than in the rest of the junction. This high electric field entails
a lower breakdown voltage than in the active area, because the breakdown
condition represented in (2.1) is meet before in these regions. The areas more
prone to this kind of failure are located where the doping profile has strong
variations, like the periphery of diffusion, see figure 2.3-(a), or the corners of a
square-shape SPAD [48]. As a result, the avalanches are triggered at the edges,
rather than at the active area. This leads to a SPAD that is insensitive to incident
light, since the active area never reaches a proper bias.
PEB can be avoided with a properly designed guard ring. Guard rings are
implemented with layers that are less doped than the ones of the active area,
surrounding it, in order to confine its high electric field. Generally, the used
layers are P-wells or retrograde Deep N-wells, see figure 2.3 and 2.4. Although
STI are effective to avoid PEB, the direct contact between active area and STI
leads to a noisy device, due to the interface states at silicon-SiO2 boundary [59].
PEB also affects diodes with sharp corners, for that reason, designers prefer
circular shapes, or at least squared with round corners, rather than squared [48].
2.3 Implemented SPAD
In order to experimentally validate the technology, two different SPAD structures
have been designed: a P-well/Deep N-well diode and P+/N-well diode. From
now on PW3V3/DNW and PP/NW3V3, respectively. As figure 2.7-(a,b) illustrates,
both structures share some common features. The deep N-well cathode can be
shared among the neighboring SPADs to increase the fill factor. The poly-silicon
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Figure 2.7: (a) PW3V3/DNW SPAD cross-section (b) PP/NW3V3 SPAD cross-section
and (c) SPAD front view. Where r = 5µm, x = 5µm, GR = 1µm, b = 21.2µm, active
area = 200µm2.
N-well. Moreover, poly-silicon is used to prevent the formation of STI close to
the depletion region. The technology provides both 1.2 V and 3.3 V wells, but it
is expected that 3.3 V wells have lower and uniform doping than 1.2 V, because
of technological scaling [64]. The effects of doping non-uniformity also affect
superficial junction composed highly doped layers, like p+/n+ diffusion. It is
worth mentioning that the PP/NW3V3 structure implemented will suffer from
PEB. As seen in figure 2.7-(b), the p+ diffusion mask was extended to enclose
the N-well as figure 2.3-(c) shows. However, this extended diffusion below the
poly-silicon is not fabricated as in CMOS processes the gate self-aligns [33],
therefore the poly-silicon acts as a stopping layer that prevents the formation of
diffusion below it beyond a small overlapping. The effect of this error will be
discussed in chapter 5.
It is expected then that PW3V3/DNW diode performs better in terms of DCR
and PDP at long wavelength than PP/NW3V3. On the contrary, PP/NW3V3
structure may have smaller jitter, cross-talk and more PDP at short wavelength
than PW3V3/DNW [60, 54, 48]. Comparing PW3V3/DNW against PP/NW3V3
structure, the main advantages should be less noise, more uniformity among
devices and, therefore, higher yield.
Figure 2.7-(c) represents the layout of a SPAD parametric cell. A squared
shape with round corners has higher fill factor than the circle-shaped and lower
noise than square-shaped SPADs with straight corners. As for the dimensions, a
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2 +4 · r · x + r 2π
b2
(2.6)
where Aaspad is the active area of the SPAD, Aspad is the total area of the SPAD,
x is the size of the straight segment of the SPAD size, r is the corner radius,
b = x+2(GR+r +b′) is the side of the complete structure and b′ is the minimum
size of n+ diffusion given by design rules of the technology, that in the example
is b′ = 2.1µm. Following the guidelines reported in [48, 54], these parameters
can take values like r = 5µm and GR = 1µm. Expression (2.6) can be solved for
a SPAD fill factor around 40% rendering x ≈ 5µm.
2.4 Quenching and Recharge Circuit
Once the SPAD structure is selected and the dimensions defined, the next step
is the design of the electronic front-end for the diode. The main component is
the quenching and recharge circuit (QRC). The assembly of a SPAD and its QRC
is usually known as a micro-cell. As it will be seen in chapter 5, the design of this
circuit is critical, because the performance of the whole system depends on the
work done at this stage. A bad design can mean anything from erratic operation
and excessive power consumption to irrecoverable device damage. For this
reason, it is very important to have a basic understanding of the SPAD working
principle and to have an accurate model to perform simulations. It is relatively
easy to find examples of both passive [65, 40, 66] and active [67, 68, 69, 70, 71]
quenching and recharge circuit sizing.
The first step, before starting the design of the QRC, is the characterization of
the SPAD and the extraction of its parameters. The basic model represented in
figure 2.8 is enough to study the dynamic behavior of a SPADs, a more complex
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2. SPAD AND FRONT-END ELECTRONICS IN CMOS TECHNOLOGIES




CK A 100–1000 fF
C AB 1–10 fF
CK B 1–2 pF
the avalanche with closing of the switch labeled as “Event”. At that moment, the
current starts flowing from cathode (K) to anode (A), discharging CK A, until the
voltage across the diode terminals reaches the breakdown voltage, VBD . With
the avalanche quenched, the circuit starts the recharge until the bias voltage is
reached.
As it is evident, the circuit parameter values are very important, since they
determine, along with the QRC, the time constant of the avalanche quenching
and of the diode recharge, and the current magnitude of the avalanche. In the
best case scenario, the designers have experimental data from which they can
obtain all the required values. However, sometimes this ideal case may not
be true. Without experimental measurements, designers can make use of the
library cells provided by the foundry. In the worst case scenario, designers must
use the reported values by other groups in order to have a SPAD model whose
parameter values are in the proper order of magnitude. The common values of
these parameters in CMOS technologies are summarized in table 2.1 [65, 73].
From now on, the following values are used: VBD = 18V, RBD = 300Ω, CK A =
200fF, C AB = 10fF and CK B = 1pF. Some of these values have been extracted
from the models provided by the foundry, while others have been obtained from
the bibliography.
2.4.1 Passive Quenching and Recharge Circuit
The design of a PQRC consist in determining the size of the quenching resistor.
Firstly, the value of the resistance is chosen to guarantee that the steady-state
current flowing through the SPAD is below the self-quenching value, Iquench .
Below this quenching current, the avalanche is not longer self-sustained and,
eventually, it will be quenched, see figure 2.9. Although the value of this current
depends on the technology and the junction, reported values area around 10–
100µA [65, 68, 53]. Even though the steady-state current through the SPAD is
below the self-quenching value, the current peak associated to the discharge
of CK A through RBD could be order of magnitude higher. As it is shown in
figure 2.9-(a), if RQ À RBD and the switch is closed, the current flowing through
RQ in steady-state is given by (2.7). This approach is equivalent to find the
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τQ   (CKB + CKA)RBD






Vex /RQ < Iquench
Vex /RQ > Iquench
Figure 2.9: SPAD with passive quenching and recharge circuit (PQRC): (a) circuit sche-
matic and (b) dynamic response, not into scale.




Secondly, it is important to estimate the quenching and recharge times of
the SPAD. Analyzing the circuit in figure 2.9-(a), when the switch is closed and
RQ À RBD , the quenching time constant is [65]:
τQ = (CK A +C AB )
RQ RBD
RQ +RBD
≈ (CK A +C AB )RBD (2.8)
Finally, when the switch is open again, the recharge time constant can be
calculated as:
τR = (CK A +C AB )RQ (2.9)
From (2.8) and (2.9) it can be observed that the recharge time is much
longer than the quenching time. Furthermore, the bandwidth of the circuit, i.e.
maximum number of avalanches per unit of time that can be triggered without
saturating the SPAD output, is function of RQ , as expression (2.10) shows. At first
glance, this could be compensated reducing Vex , however, this has a negative




(CK A +CK B )RQ
= ISPAD
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Figure 2.10: SPAD with active quenching and recharge circuit (AQRC): (a) circuit sche-
matic and (b) dynamic response.
2.4.2 Active Quenching and Recharge Circuit
The working principle of an active quenching and recharge circuit is relatively
simple as figure 2.10 illustrates. When the avalanche is triggered, the anode
voltage (VA) rises above the threshold voltage (Vth). Then, transistor MNQ is
turned off and MPQ is turned on, pulling-up the anode voltage to Vdd and,
hence, forcing a voltage across SPAD terminals smaller than the breakdown.
Next, after delay (td ), the transistor NR is turned on, pulling the anode voltage
down to ground. This resets the device to its initial operation point, waiting
for another avalanche. As figure 2.10-(b) represents, the principal benefit of
AQRC over PQRC is the control of the recharge time. This allows to increase the
bandwidth without having a negative impact on the quenching of the avalanche.
Furthermore, since the device spends more time out of Geiger mode and the
deep level traps have more time to be discharged, the probability of after-pulsing
is reduced.
The comparator and the delay element can be implemented in different
ways depending on the specifications, from a few inverters as in [74, 75] to an
operational amplifier [65, 76]. Nowadays, research in this field is very active and
mainly focused on the reduction of the footprint to increase fill factor. For this
reason, the following analysis will be qualitative and oriented to the design of
essential transistors, MNQ , MPQ and MN R .
Different design approaches, sometimes diametrically opposed, can be
found in the bibliography. For example, in the sizing of the quenching transistor.
For example, in [67], transistor MNQ is sized to provide a high output resistance
of 1.2 MΩ. On the contrary, other authors employ much more conductive tran-
sistors to better detect the avalanche current peaks [77]. This approach implies
that the avalanche can only be quenched after the output of the comparator
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2.4. Quenching and Recharge Circuit
ISPAD = 0.5–1 mA [77] and Vex =Vdd = 3.3V, the size of MNQ can be estimated









2 (Vdd −Vthn )2λ
⇒
W = 2ISPAD L
µnCoxVex(Vdd −Vthn )2λ
(2.11)
where RQ is the output resistance of NNQ transistor, µn = 0.03695m2 s/V, Vthn =
0.5V, λ = 0.02V−1 and Cox = 10×10−3 F/m2. If the minimum length is used
(Lmi n = 0.36µm), the transistor width is W = 1.5–3µm. On the contrary, the
approach presented in [67, 70] would yield a completely different result, that
is, a transistor longer than wider. Considering (2.11), ISPAD = 10–200µA and
Wmi n = 0.6µm, the transistor length is L = 0.6–5.7µm. As it will be seen in
chapter 5, the selection of the first method can explain the excessive power
consumption and system instability.
Another point where special care must be taken is during the design of MN R
and MPQ , to avoid instabilities related to a positive feedback, like oscillations
or VA stuck at Vdd . If the gate of MPQ is simply driven by the comparator,
MN R must be more conductive than MPQ , to pull-down the anode voltage to
ground. To avoid any short circuit current between Vdd and ground when both
transistors are active, the straightforward solution is to add a second PMOS
transistor in series with MPQ and connect its gate to VR . However, this last
solution may not be attractive for arrayed devices, because it reduces the fill
factor by increasing the occupation area.
2.4.3 Passive Quenching Active Recharge Circuit
In the bibliography, some alternatives halfway between AQRC and PQRC are
proposed to provide the simplicity of a passive quenching and the bandwidth
of an active recharge [53]. Moreover, while the excess voltage is limited to
Vdd in an AQRC architecture, the excess voltage in a passive quenching and
active recharge circuit (PQARC) is limited by the transistor maximum operation
voltages. For example, the PQARC architecture shown in figure 2.11-(a) is able
to work with an excess voltage above Vdd . Thanks to the cascode transistor
MNC that reduces the voltage across the quenching transistor to less than the
maximum VGS and VDS allowed by the technology [78]. However, the maximum
excess voltage is limited by the breakdown of the drain-bulk junction of MNC .
The operation principle of this topology is shown in figure 2.11-(b) and it
can be divided into tree main parts: quenching, dead time and recharge. Once
the avalanche is triggered, the current rises until it reaches the value set by
the current mirror and the anode voltage reaches a value close to the excess
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Figure 2.11: SPAD with cascode passive quenching active recharge circuit (PQARC): (a)
circuit schematic and (b) dynamic response.
through the cascode and quenching transistor. The current is limited by the
current mirror during a time td . After that, the reset transistor is switched on
and the anode voltage is completely discharged. This topology is also known as
double-slope passive quenching and active recharge circuit [53].
In terms of bandwidth and after-pulsing the dead time can be controlled as
easy as in an AQRC, but since the anode voltage is not forced to supply, the power
consumption is slightly smaller. All these advantages make this architecture
very attractive for applications were large SPAD arrays are needed.
2.5 Proposed Active Quenching and Recharge
Circuit
The schematic of the proposed circuit is illustrated in figure 2.12-(a) and it is
similar to the presented in [79, 80]. In this case, each micro-cell is composed
of several SPADs and AQRCs that share some common logic, monostable and
reset circuit. Thus, the shared logic reduces the number of transistor per each
AQRC and increments the fill factor at the expense of sharing the dead time
among all the devices. The concept of sharing some logic among AQRCs was
presented in [81] and the their effects on the SiPM performance will be analyzed
in chapter 4.
The working principle of this structure is simple. If the enable signal E is Vdd ,
the circuit works as follows. As figure 2.12-(b) illustrates, when the avalanche is
triggered, the rising edge of the anode voltage switches on the transistor MN D
and pulls-down the voltages VnQ and Vout . Then, transistor MNQ is switched
off and MPQ is switched on. This ties up the anode voltage to Vdd and quenches
the avalanche. After the dead time td the reset signal rises and the anode voltage
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Figure 2.12: SPAD with proposed active quenching active recharge circuit: (a) circuit
schematic and (b) dynamic response. The enable signal E is loaded into a SRAM during
the configuration of the cell. The reset voltage VR is generated with a monostable. The
output voltage Vout is connected to a pull-up OR to sum the output of several SPADs.
Table 2.2: Transistor sizes for circuit of figure 2.12.
Transistor W/L (µm/µm) Transistor W/L (µm/µm)
MNQ 3/0.36 MN D 14.4/0.36
MPQ 2/0.36 MN E1 4.6/0.36
MN R 4.6/0.36 MN E2 3.6/0.36
if the enable signal E is grounded, the anode voltage is stucked at Vdd after
the first avalanche, because the reset path is open. The enable signal E can be
loaded into a static random access memory (SRAM) close to the AQRC to turn
off the noisy SPADs.
The transistor sizes are summarized in table 2.2. The sizing of MNQ was
done following the approach shown in section 2.4.2 [77]. This means that the
maximum current flowing through the SPAD is 0.5–1 mA. MPQ is sized to tie
up the anode to Vdd in 0.2–0.5 ns and MN R in series with MN E1 must be more
conductive than MPQ to discharge the anode to ground. Finally, MN D is wide to
make the front-end sensitive for low excess voltages. This is equivalent to set a
low threshold voltage at the comparator.
Figure 2.13 represents, as an example, the schematic and layout of a micro-
cell with 4 SPADs. The design is compact and allows to be abutted with more
micro-cell thanks to the shared deep N-well. The output of several micro-cells
can be OR connected to a counter, this way the number of detected photons
can be digitally counted. Despite all the implemented logic in the micro-cell, its
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Figure 2.13: Micro-cell with 4 SPADs sharing logic: (a) circuit schematic and (b) layout.
2.6 Conclusion
In terms of SPAD structures, it has been shown that the perfect structure does
not exist, because the final choice depends on the application and several
trade-offs. As it was explained, a superficial structure has higher sensitivity
to blue, more DCR, less jitter and cross-talk, while a deep junction has higher
sensitivity to red, less DCR, more jitter and cross-talk. To test the performance of
technology, a superficial structure composed of p+ diffusion and N-well layers
(PP/NW3V3) and a deep junctions composed of P-well and Deep N-well layers
(PW3V3/DNW).
Nowadays, the research in quenching and recharge circuits is still very active
and mainly is pushed by the specifications of new applications. Here, the most
common architectures were described to provide an insight in the main trade-
offs and highlight the most critical design points. The working principle of
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In order to accurately timestamp the impact of gamma photons in a scintillator
crystal, an in-pixel TDC is needed. One of the most important metrics for TDCs
is the time resolution which, in principle, is determined by technology. The min-
imum detectable delay is that of an inverter. However, finer resolutions can be
achieved with techniques like, for instance, pulse stretching, Vernier delay lines,
time amplification or multi-path gated ring oscillator. However, these architec-
tures are unsuitable for those applications in which specifications demand the
incorporation of in-pixel TDC, because of their large area, conversion time and
power consumption. For instance, if a high frame rate is required, events need
to be timestamped in parallel. For that, a TDC with not only a high resolution
but also low area occupation and power consumption is needed. TDCs based
on VCRO offer a good trade-off between time resolution, conversion rate, area
and power. They are essential in a large range of applications, like all-digital
phase locked loop (ADPLL)s for communications; ToF estimation in telemetry
and particle identification; and bio-medicine, including FLIM and PET.
The main goal of this chapter is to justify the election of VCRO-based TDC
and study analytically the main FOMs for this architecture. This chapter is
organized as follows. The working principle of TDCs based on VCRO are pre-
sented in section 3.2. Secondly, a VCRO is studied as a core of the proposed
TDC topology and expressions to estimate the oscillation frequency, the phase
noise and other relevant FOMs are obtained. This study is carried-out for the
two delay stages most widely employed in literature. Finally, in section 3.4,
the implemented converter is described, putting special emphasis in the main
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Figure 3.1: (a) Simplified block diagram of single-slope analog TDC, (b) signal diagram
of single-slope analog TDC, (c) simplified block diagram of double-slope analog TDC
and (d) signal diagram of double-slope analog TDC.
decoder.
3.1 TDC Architectures
Generally, the TDC architectures can be divided into to main groups, analog
and digital. The working principle of analog single-slope TDCs is based on the
integration of a constant current, IC , into a capacitor, CS , during the sampling
time interval TS . figure 3.1-(a,b) represents the simplified schematic and the sig-
nal diagram of a single-slope TDC. The voltage at the terminals of the sampling






IC d t =CS
∫ TS
0
dVS ⇒ TS = VS CS
IC
(3.1)
This allows an analog to digital converter (ADC) to perform the conversion
and provide the equivalent digital word for TS . As the reader may expect, this
architecture suffers from mismatch and PVT variations in deep sub-micron
technologies. An obvious approach to circumvent these limitations is to apply
a principle similar to that used in double-slope ADC converters. Thus, as fig-
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CS , during the sampling time, TS . Then, the capacitor is discharged with a
constant current, ID , during a time, TD . This discharge has a smooth slope than
the charge slope. As a result, the sampling time is proportional to the discharge
time and the ratio of currents:
TS = TD ID
IC
(3.2)
the discharge time can be digitized with a comparator and a counter of clock
cycles as figure 3.1-(d) represents. Although this architectures presents a good
time resolution and measuring range, the area occupied by the capacitor and
the conversion time make this alternative no attractive for in-pixel implementa-
tions.
As for digital TDC architectures, their working principle is based on the
comparison between the sampling time and the propagation delay of several
logic gates. Hence, the output of the conversion is proportional to the number
of logic gates through which the signal propagates. This, in principle, means
that the minimum achievable temporal resolution by these converters is limited
by the gate delay. As figure 3.2-(a) illustrates, this is the case of delay line archi-
tectures, in which the delay between the signal propagated through the buffers,
Tst ar t , and the edge of Tstop is recorded at the flip-flops with thermometric
code. Here, the race condition between two signals is a necessary feature in
this kind of circuits, despite being a problem like in most circuits. In order
to increase the measuring range, the easiest solution is to implement a ring
oscillator, as figure 3.2-(b) illustrates. Thus, the coarse conversion is given by
the number of oscillations done by the ring during TS , while the fine conversion
is a function of the internal phases at which the ring is stopped. As it will be
discussed later, this architecture shows a good trade-offs between area, power,
conversion range, resolution and conversion time.
Different architectures can be found in the literature for applications that
require temporal resolution finer that the delay og a single logic gate. Nev-
ertheless, resolution improvement comes at the expense of an increment in
power consumption, area occupation and, usually, the conversion time. As a
consequence, they are not very attractive for in-pixel integration. The principal
sub gate-delay TDC architectures are described in the following.
Figure 3.3 shows the block diagram of a Vernier delay line. Compared to the
conventional delay line, this architecture have a second delay line in the prop-
agation path of the stop signal, Tstop . Since the two delay lines have different
delay stages, for instance, slow elements, τs , in the start path and fast elements,
τ f , in the stop path, the converter resolution is τs −τ f . The conversion provides
a thermometric code in which the last active flip-flop indicates the point where
the start signal is caught by the stop signal.
The pulse shrinking architecture represented in figure 3.4, employs two
inverters with different rising edge delay, tdr , and falling edge delay, td f , to
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Figure 3.2: Simplified block diagram of digital TDC architectures: (a) delay line, (b)
VCRO.
D Q Q0 D Q Q1 D Q Q2 D Q QN-1
Tstart
Tstop 1 1 1 0



















Figure 3.4: Simplified block diagram of pulse shrinking TDC.
agated through a delay stage its width is reduced a value equal to the time
resolution [82]:
Tshr r es = (tdr 2 − td f 2)− (tdr 1 − td f 1) (3.3)
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Figure 3.6: (a) Simplified block diagram of time amplification TDC and (b) transfer
characteristic of time amplification.
is the falling edge delay of stage 2, tdr 1 is the rising edge delay of stage 1 and
td f 1 is the falling edge delay of stage 1. The conversion finishes when the pulse
vanishes in the delay path, because the signal is below the noise margin of the
inverters. This makes the architecture sensitive to PVT variations [82].
Multi-path gated ring oscillator architecture is shown in figure 3.5-(a). Multi-
path architectures are implemented with delay stages with multiple inputs,
each one connected to different delayed phases, see figure 3.5-(b). With this,
a reduction of the propagation delay per stage is achieved [83]. However, the
design of such oscillators is not trivial, since several oscillation frequencies,
phase shifts and phase noises are possible because of the existence of different
oscillation modes [84]. A careful design must be carried out to avoid unwanted
oscillation modes. As the ring oscillator architecture shown before, this structure
also uses the oscillator phases and a counter to obtain the fine and the coarse
conversion, respectively.
In time amplification architectures, the width of narrow pulses is increased
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Figure 3.7: (a) Delay stage of local passive interpolation TDC and (b) interpolated
signals between input and output edges.
The small-signal time amplification is given by [85]:
AT = 2 C
gm td
(3.4)
where C is the load capacitance of NAND gates, gm is the small-signal transcon-
ductance of NAND gates during metastability and td is the delay time that
extends the metastability input range. Because of the non-monotonic response
of the transfer characteristic, see figure 3.6-(b), the input range must be between
±td . The main drawback of this technique is its limited measuring range and
linearity. Consequently, this architecture is commonly used as a part of pipeline
or fine-coarse converters [85, 86].
In addition to all these architectures, local passive interpolation architec-
tures are also part of the sub gate-delay family, without having some of their
drawbacks like long conversion times or unwanted oscillation modes [87]. Local
passive interpolation architectures are equivalent to delay lines, but each delay
stage has a voltage divider between input and output, as figure 3.7-(a) illustrates.
This voltage divider creates a copy of the input signal in their internal nodes as
figure 3.7-(b) shows. As a result, the voltage interpolation increases the number
of signal phases and, hence, the resolution. One of the main drawbacks of this
architecture is the power consumption because of the cross current at the delay
stage during interpolation [87].
3.2 Proposed Architecture
As it was discussed in the previous section, for a given technology, the selection
of the architecture determines the compromise between time resolution, area
and power consumption. The TDCs based on VCROs are generally chosen for
in-pixel implementation because of several reasons. First of all, as the oscilla-
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Figure 3.8: Simplified block diagram of a voltage controlled ring oscillator (VCRO) time
to digital converter (TDC).
the time resolution can be controlled by controlling the stage delay, Td . That
can be done through, for instance current-starved stages or voltage-controlled
transmission gates. The main advantage of voltage-controlled transmission
gates is the possibility to adjust the oscillation frequency linearly to a reference
value through a control loop, which reduces the effects of PVT variations [88].
On second place, the small area footprint of this architecture makes it possible
to integrate the TDC within a pitch size as small as 50µm×50µm [89]. Finally, its
conversion time is small enough to allow sampling frequencies in the order of
tens of megahertz [90]. These are the main reasons why the VCRO architecture
is chosen.
Figure 3.8 displays a simplified block diagram of the proposed VCRO TDC.
The time interval to be sampled, Ts , is determined by the difference between
the rising edges of the start and stop signals, Tst ar t and Tstop , respectively.
The controller block prevents that any spurious pulse re-triggers the oscillator.
The voltage VBi as modifies the resolution of the converter by controlling the
stage delay. Once the VCRO is stopped, the ripple counter retains the number
of oscillations done by the VCRO, constituting the coarse conversion of the
sampled time interval. Simultaneously with the rising edge of the stop signal,
the internal phases of the VCRO are encoded into additional bits, that provide
the fine conversion. Notice that, unlike a single-ended ring oscillator where
there must be an odd number of stages, in differential and pseudo-differential
ring oscillators, the number of stages can be even. In order to fulfill Barkhausen
criteria, however, a wire inversion has to be placed [91].
3.3 Study of Delay Stages
Nowadays, VCROs can be found in a wide range of applications, like ADPLLs
for communications [90]; direct ToF estimation for telemetry [92, 93] and high
energy physics (HEP) [94]; and bio-medicine, including FLIM [95] and PET [44].
In particular, flash 3D imaging based on direct ToF estimation relies on in-
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3. TIME-TO-DIGITAL CONVERTER DESIGN
pixel pitch. TDC architectures employing pseudo-differential VCROs as time
interpolators fulfill these requirements. At this point, the design of the VCRO
becomes central. In the following sections, an effective analysis is proposed to
optimize the design parameters of the pseudo-differential VCRO to maximize
the overall performance of in-pixel TDCs.
The main building block of VCROs is the delay cell which can be single ended,
differential or pseudo-differential. Unlike differential delay cells, single ended
and pseudo-differential delay cells achieve rail-to-rail outputs, because they
lack the biasing current source. This rail-to-rail output swing features lower jitter
due to smaller thermal noise associated with larger slew rates [91, 96]. Besides,
they do not require any static power which makes them more power efficient.
Differential stages with non-saturated outputs provide excellent common mode
rejection [91]. However, they need a bias current to keep the operating point in a
linear region, this implies higher power consumption. Pseudo-differential delay
cells have worse rejection to supply and ground noise than differential rings, but
better than single ended delay cells. Finally, differential and pseudo-differential
rings can be built with even or odd number of stages, even rings are useful in
clock recovery or phase locked loops when quadrature outputs are needed [97].
For these reasons, most of the implementations in the literature are based on
differential [89] and pseudo-differential rings [98, 99].
Since differential rings with non-saturated outputs work in the linear region,
it is almost straightforward to make an estimation of the oscillation frequency
based on the transfer function of the oscillator using small-signal analysis. In-
stead, pseudo-differential oscillators are more difficult to predict because of
their strongly non-linear behavior. Despite these non-linearities, it is possible to
make a first order approximation and calculate the pole frequency of the stage
by a small-signal approach [100]. This approximation only remains valid while
the non-linearities of the output signal are small. This can be achieved choosing
the proper number of delay stages, for instance, in a ring with a large number of
delay stages, the output is hard saturated (or hard clipped), because it spends
a large fraction of the period in the supply rails. However, in a ring with small
number of delay stages, the output is soft saturated, since it spends a smaller
fraction of the period in the supply rails. In order to avoid the non-linearities
and high harmonics inherent to hard saturation, simulations are done with a
3-stage ring oscillator. Otherwise, one should work with tricky expressions, not
very suitable to highlight the trade-off between stages.
Figure 3.9-(a) shows the pseudo-differential stage with cross coupled PMOS
(XCP) transistors, while the pseudo-differential stage with cross-coupled invert-
ers (XCI) is shown in figure 3.9-(b). These two pseudo-differential stages are
widely used in the literature: XCP stages can be found in [89, 101, 102, 103];
while XCI stages can be found in [98, 99, 104, 105]. The main difference between
them is that CL is charged by cross-coupled element in the XCP stage, while CL
is charged by delay elements in the XCI stage. In other words, in the XCP stage,
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Figure 3.9: (a) Pseudo-differential stage with cross-coupled PMOS (XCP), (b) pseudo-
differential stage with cross-coupled inverters (XCI) and (c) tunable resistor. CL is the
capacitive load, VBi as is the tuning voltage, V ′o and Vo are the terminals of the tunable






Figure 3.10: Simplified block diagram of N -stages ring oscillator.
While in XCI, these tasks are done by delay inverters and cross-coupled inverters,
respectively.
The frequency tuning of these rings is achieved by means of a voltage con-
trolled resistor between each delay stage [99]. The schematic of the tunable
resistor is shown in figure 3.9-(c). The tuning voltage, VBi as , changes the con-
ductance of MP transistor, while the voltage gate of MN is kept constant. This
means that, for a value of VBi as =Vdd , MP is in cut-off, while MN is still active,
and oscillations are possible. The main advantage of this method is to con-
trol the oscillation frequency almost linearly with the tuning voltage as will be
shown in the following sections.
3.3.1 Oscillation Frequency
Single-ended, differential with clipped outputs and pseudo-differential ring
topologies are highly non-linear systems, due to the fact that the transistor do
not operate around the same operation point, e.g., saturation, linear or cut-off,








































































































ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-850a-5af3-75df-4bf9-bd5d-d519-c328-e9be 31/03/2020 09:53:25 Horario peninsular
Nº registro DIRECCIÓN DE VALIDACIÓN
O00008744e2000017793 https://sede.administracionespublicas.gob.es/valida
GEISER-850a-5af3-75df-4bf9-bd5d-d519-c328-e9be
3. TIME-TO-DIGITAL CONVERTER DESIGN
that reason, the study and analysis of these ring oscillators is not trivial. To
circumvent this issue, the feedback loop can be divided into its linear time
invariant and non-linear time invariant components. Doing so, the oscillation
frequency can be estimated by means of frequency domain linear analysis,
whereas the non-linear component determines the output swing [100]. This
assumption is valid as long as the amount of time that the output remain hard
saturated is negligible. In other words, the output signal is more sinusoidal
than squared and it has less harmonics. Therefore, in this section a small-
signal analysis is performed to estimate the oscillation frequency of the ring.
In figure 3.10, the simplified block diagram of a ring oscillator with N stages is
shown. The closed loop transfer function, H(s), of the whole system has the
following form:




Barkhausen criteria is a necessary condition for steady state oscillation but
not sufficient for starting-up oscillations. To fulfill Barkhausen criteria at the
angular oscillation frequency, ω0, the characteristic equation of (3.5) becomes:
1+ A(s)β= 0 ⇒ A( jω0)β=−1 (3.6)
where A( jω0) is the transfer function of N stages and β is the feedback transfer
function, the time invariant non-linear component, that is considered equal
to 1 during this step of the analysis. Therefore, the oscillation condition can be
rewritten as:
|A( jω0)|∠φ =
∣∣F ( jω0)∣∣N∠π = 1∠π (3.7)
for simplicity, the transfer function of each delay stage, F ( jω0), has a single
dominant pole at ωp :
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3.3. Study of Delay Stages
rox CLroz
1/GTvo+' vo+




Figure 3.11: (a) Small-signal model of the half pseudo-differential XCP stage and
(b) small-signal model of the half pseudo-differential XCI stage.










Expression (3.10) illustrates that the oscillation frequency in the small-signal
model, f0, is function of two parameters: the pole frequency, ωp ; and the num-
ber of stages, N . Consequently, it is fundamental to study the small-signal model
of each stage to find which of them provides the highest oscillation frequency.
Pseudo-Differential Stage with Cross-Coupled PMOS
Figure 3.11-(a) represents the small-signal model of the XCP stage. The transfer
function of this stage is:
FXC P (s) =−
gmn








where FXC P (s) is the transfer function of the pseudo-differential stage with cross-
coupled PMOS, go is the output conductance of the combination of MP0 and
MN 0 transistors, gmp is is the transconductance of MP0 which is in parallel to
the output conductance go , RT is the resistance of the tunable resistor described
by (3.13), and the capacitor CL can be approximated as:
CL = (Cg s +Cg b +Cg d )n + (Cg s +Cg b +2Cg d )p + (Cg s +Csb)MN + (Cd s +Cdb)MP
(3.12)
where the subindex MN and MP stand for the NMOS and PMOS of the tuning
resistor, see figure 3.9-(c). GT can be approximated as the conductances of the
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3. TIME-TO-DIGITAL CONVERTER DESIGN
whereβ=µCox WL , Vth is the threshold voltage, Vo is the output voltage of the de-
lay stage and input of the tunable resistor, V ′o is the voltage at the other terminal
of the tunable resistor, and VBi as is the tuning voltage. Expression (3.13) is valid
while V ′o <Vdd −Vthn and Vo >VBi as +|Vthp | [99]. Also, the output conductance
of this stage, go , in saturation is:
go = gd sn + gd sp (3.14)
where gd sn and gd sp are the small-signal common-source output conductances
of MP0 and MN 0 transistor, respectively. Finally, substituting (3.14) and ωp
from (3.11b) into (3.10), the oscillation frequency can be defined as:
f0 =
GT (gd sn + gd sp − gmp )
2π
(








As it was shown in the previous section, the main function of PMOS transis-
tors is to charge CL up to Vdd through the conductance gd sp . Furthermore, as
expression (3.15) shows, an increase of the PMOS strength not only increases
gd sp but also gmp , this could lead to a reduction of f0. Moreover, if it is con-
sidered that GT ¿ gd sn + gd sp , the oscillation frequency can be simplified to a
linear function of VBi as , if expression (3.13) remains valid.
Pseudo-Differential Stage with Cross-Coupled Inverters
figure 3.11-(b) represents the small-signal model of pseudo-differential stage
with cross-coupled inverters. The transfer function of this stage is:
FXC I (s) =−
(gmn + gmp )z





GT goz + (GT + goz )(gox − gmx )
(GT + goz )CL
(3.16b)
where the subindex z and x stand for the delay inverters, Iz , and the cross-
coupled inverters, Ix , respectively. FXC I (s) is the transfer function of the pseudo-
differential stage with cross-coupled inverters, goz is the output conductance of
the delay inverters, gox is the output conductance of the cross-coupled inverters,
gmx = (gmn + gmp )x is transconductance of the cross-coupled pair, RT is the
resistance of the tunable resistor described by (3.13), and the capacitor CL in
saturation can be approximated as:
CL = (Cg s +Cg b +Cg d )nz + (Cg s +Cg b +Cg d )pz + (Cg s +Cg b +2Cg d )nx
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3.3. Study of Delay Stages
And the output resistances of this stage in saturation are,
roz = 1
(gd sn + gd sp )z
rox = 1
(gd sn + gd sp )x
(3.18)
Finally, substituting (3.18) and ωp from (3.16b) into (3.10) the oscillation
frequency can be expressed as:
f0 =
GT (gd sn+gd sp )z







From expression (3.19) it can be observed that the contribution of delay in-
verters is independent of the negative resistance of the cross-coupled pair. Thus,
it is possible to increase the strength of delay inverters respect to cross-coupled
inverters without increasing the positive feedback term. This guarantees faster
charges and discharges of CL. In comparison with (3.15), expression (3.19)
shows that this stage have one degree of freedom more because of its larger
number of transistors. As an example, if delay inverters are sized to make
(gd sn + gd sp )z of (3.19) equal to gd sn + gd sp of (3.15) and CL is imposed equal in
both expression, then gmp in (3.15) is always higher than (gmp + gmn )x in (3.19),
because cross-coupled inverters can be implemented with minimum size tran-
sistors. As a result, this suggests that a ring implemented with this stage has
higher oscillation frequency.
Simulation Results
In order to validate the prediction on the oscillation frequency, two VCROs with
3 stages have been designed and simulated in 110 nm CIS technology. To make
a fair comparison, both rings have been sized to have similar CL at nominal size
and VBi as = 0V (see table 3.1). The data used to verify the accuracy of the mod-
els is obtained from fitting DC operating point simulation results to simulated
oscillation frequency, unless otherwise indicated. The delay stages were con-
nected as unity gain amplifiers. The input and the output of the tunable resistor
were connected between Vdd and ground, respectively, for the DC operating
point calculation. Simulated oscillation frequency, power consumption and
phase noise are obtained with periodic steady-state analysis.
figure 3.12 shows the oscillation frequency of a ring with 3 pseudo-differential
XCP stages as a function of bias voltage, VBi as . Solid line represents the simu-
lated oscillation frequency, while dashed line represents the frequency apply-
ing (3.15). At VBi as = 0V and nominal sizes, this stage have gd sn + gd sp = 180µS,
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3. TIME-TO-DIGITAL CONVERTER DESIGN
Table 3.1: Transistor nominal sizes and load capacitor.
PD XCP PD XCI Tunable
Iz Ix Resistor
Wp /Lp (µm/µm) 2.6/0.11 3.6/0.11 0.49/0.11 2.6/0.11
Wn/Ln (µm/µm) 3.1/0.11 1.1/0.11 0.15/0.11 1.3/0.11
CL @ VBi as = 0V (fF) 14.5 14.5 -
to produce the best fit. Under these conditions, the oscillation frequency is
1.2 GHz. Despite the good accuracy of the models at low VBi as , an underestima-
tion of GT leads to a discrepancy between models and simulations at high VBi as .
As figure 3.13 illustrates, GT behaves linearly if VBi as < 0.8V, as (3.13) states.
However, for values of VBi as > 0.8V, the conductance is almost 0µS, because
the transistors NT and PT are in the cut-off region. This cannot happen during
oscillations since the transistor NT is still conductive. Also, as (3.12) points
out, some of the small-signal capacitors that compose CL are function of VBi as .
Moreover, as it is expected, the values obtained from DC operating point of
the delay stage are independent of VBi as since the tunable resistor is the only
element connected to VBi as .
Figure 3.14 illustrates the variation of the oscillation frequency as a function
of the ratio between PMOS and NMOS transistor width, Wp /Wn , at minimum
lengths as table 3.1 shows. The discrepancy between model, f0, and simulations,
fsi m , at high Wp /Wn is attributed to an increment of non-linearities due to
the rise of positive feedback term. It can be observed that in the small-signal
model, a maximum separates the frequencies that are dominated by high output
resistance at small Wp /Wn , and the frequencies that are dominated by high
capacitive component, CL , at high Wp /Wn (see Figs. 3.14 and 3.15).
Moreover, figure 3.16 confirms that the small-signal model of the XCI stage
is able to estimate the oscillation frequency when the strength of cross-coupled
inverters is increased. Even when the size ratio between cross-coupled and
delay inverters, Wc /Wd , is close to 1. At VBi as = 0V and nominal sizes, Wc /Wd =
0.14, this stage have (gd sn + gd sp )z = 280µS, (gd sn + gd sp )x = 35µS, GT = 160µS
and the transconductance of cross-coupled inverters is set as (gmp + gmn)x =
25µS to produce the best fit. Under these conditions, the oscillation frequency
is 2.1 GHz. Solid line represents the simulated oscillation frequency of the
ring, while dashed line represents the frequency applying (3.19). As it was
previously discussed, expression (3.19) predicts that rings implemented with
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Figure 3.12: Oscillation frequency of a ring with 3 XCP stages as a function of VBi as .
Solid lines represents the simulated frequency of the ring, dashed line shows the results
of small-signal model.






































Figure 3.13: GT , gmp , gd sn + gd sp and CL of the XCP stage as a function of VBi as .
term, (gmp + gmn )x , is smaller than the conductances of delay inverters, (gd sn +
gd sp )z .
3.3.2 Phase Noise
The noise performance of oscillators is another key parameter that must be
taken into account during the design phase. In every oscillator, phase noise is
responsible of the degradation of timing performance. The phase noise of a
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Figure 3.14: Oscillation frequency of a ring with 3 XCP stages as a function of Wp /Wn
with VBi as = 0V. Solid lines represent the simulated frequency of the ring, dashed lines
show the results of small-signal model.



















































Figure 3.15: ro and CL of the XCP stage as a function of Wp /Wn with VBi as = 0V.
V (t ) = A sin[2π f0 t +φ(t )] (3.20)
where f0 is the signal frequency, A(t ) andφ(t ) stand for the amplitude and phase
fluctuations due to noise. As a result of these fluctuations, the spectrum of the
signal is spread around the signal frequency. As for the oscillators considered
during this analysis, the flicker (1/ f ) noise of the tunable resistor is the principal
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Figure 3.16: Oscillation frequency of a ring with 3 XCI stage as a function of Wx /Wz
with VBi as = 0V and Wpz = 3.6µS. Solid lines represent the simulated frequency of the
ring, dashed lines show the results of small-signal model.
Pseudo-Differential Stage with Cross-Coupled PMOS
The single side band phase noise power spectral density caused by flicker noise
in the ring oscillator can be defined as [99, 109],























where S1/ ff0 is the spectral density of flicker noise, while S
1/ f
MN
and S1/ fMP are the
spectral noise density contributions of transistors MN and MP , respectively; GT
is the conductance of the tunable resistor; and f0 is the oscillation frequency




(gd sn + gd sp − gmp )(gd sn + gd sp )(
GT + gd sn + gd sp
)2 tan(π/N )2πCL (3.22)
On the other hand, the spectral noise density of the tunable resistor must
take into account the contribution of transistors MN and MP . In the literature,
carrier density fluctuation is consider to be the dominant component of flicker
noise in NMOS transistors. This is caused by carrier trapping and emission at the
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3. TIME-TO-DIGITAL CONVERTER DESIGN
In [111], the McWhorter model of spectral noise density for NMOS transistors
in linear region is defined as,
S1/ fMN =
Kn
C 2ox(W L)MN f
η
(3.23)
where Kn is a process dependent constant, generally lower for cleaner process
and its magnitude can vary from 10−27 to 10−25 C2/m2; Cox is the gate oxide
capacitance per unit of area, W L is the transistor area, and η is a technological
parameter that varies in a range between 0.7 and 1.2, but it could be consider 1
if trap density is uniform [110, 111]. Carrier mobility fluctuations has been his-
torically attributed to be responsible of flicker noise in PMOS transistors [110].






where Kp (VSG ) is a process and bias dependent constant, typical values range
from from 6×10−26 to 2×10−23 V2 F [110]. It can be observed that the phase
noise of this stage depends on the strength of the positive feedback term,
S1/ ff0 =
 (gd sn + gd sp − gmp )(gd sn + gd sp )
2πCL
(





As expression (3.25) shows, phase noise due to flicker noise can be reduced
by increasing the number of delay stages. Moreover, the phase noise is inversely
proportional to C 2L and S
1/ f
GT
is inversely proportional to the length of MN and MP
transistors, however, any increment in these parameters reduces the oscillation
frequency.
Pseudo-Differential Stage with Cross-Coupled Inverters
Again, phase noise due to flicker noise is defined by (3.21) since the tunable
resistor is equivalent for both stages. Hence, the difference between the spectral





gd sn + gd sp
)2
z[
GT + (gd sn + gd sp )z
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Figure 3.17: Phase noise as a function of offset frequency. Circle markers represents
the data of XCP stage, and square markers represents the data of XCI stage. Solid lines
represent the simulated data and dashed lines represent the small-signal model.
Finally, it can be observed that the spectral density of flicker noise, and hence
















Expressions (3.27) and (3.25) differ only on the presence of positive feedback
term, this suggest that XCP rings have smaller phase noise that XCI rings.
Simulation Results
Phase noise as a function of offset frequency is shown in figure 3.17 for the XCP
and XCI stages. The phase noise of the XCP and XCI stages is −91 dBc/Hz and
−86 dBc/Hz at 1 MHz, respectively. As predicted by the analytical model, the
phase noise of the XCP stage is smaller than the phase noise of XCI stage, in
this case, 5 dB/Hz at 1 MHz. The parameters of (3.23) and (3.24) are: Kp =
10−26 V2 F, Kn = 3×10−28 C2/m2, µn = 0.03695m2 s/V, µp = 0.010591m2 s/V,
Cox = 10×10−3 F/m2 and η= 1. On the other hand, the parameters of (3.25) are:
gd sn +gd sp = 180µS, gmp = 38µS, GT = 160µS, and CL = 14.5fF. The parameters
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Figure 3.18: FOMosc of a ring with 3 XCP stages as a function of Wp /Wn with VBi as = 0V.
3.3.3 Application
Despite the fact that both stages are used indiscriminately for the same appli-
cations in the literature, the analysis done so far shows that the XCP stage has
lower phase noise and the XCI stage has higher oscillation frequency. Hence, it
is mandatory to study the FOM of each stage for each application. For example,












where L is the single side band phase noise power spectral density, f0 is the
oscillation frequency, fo f f is the offset frequency at which the phase noise is
measured, and P is the power consumption in milliwatts. In figure 3.18, it is
shown that the FOMosc of the XCP stage does not depend on the size of NMOS
transistor. Moreover, a minimum is reached at the ratio Wp /Wn = 0.5.
On the contrary, the FOMosc of the XCI stage does not have any minimum,
and its magnitude depends on the size of Wnz , showing the same behavior as
the oscillation frequency. Also, the smallest value of FOMosc in this oscillator is
similar to the obtained with the XCP stage, however, this can only be achieve
increasing Wnz . This results suggest that XCP stages are more robust, despite
having lower oscillation frequency.
VCRO are commonly used in many TDCs architectures. The basic FOM for
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Figure 3.19: FOMosc of a ring with 3 XCI stages as a function of Wx /Wz with VBi as = 0V
and Wpz = 3.6µm.
where P is the power consumption, fs is the sampling frequency of the converter,
and effective number of bits (ENOB) is the effective number of bits. The ENOB
can be approximated as (3.30) if the effect of systematic deviations are negligible,









where T f s = 1/ fs is the full-scale time of the converter, fixed to 20 ns for every









where fo f f is the offset frequency at which the phase noise is measured, f0
is the oscillation frequency, and L is the single side band phase noise power
spectral density. figure 3.20 and 3.21 illustrate the amount of energy consumed
in a conversion (FOMTDC) as a function of the transistor ratios for the XCP and
XCI stages. It can be observed that the FOMTDC of both stages is reduced as
the positive feed-back term is reduced. While the XCP stage shows a drastic
reduction from 3 pJ per conversion down to 0.5 pJ per conversion, the XCI stage
provides the lowest values (0.3 pJ per conversion). As a result, the XCI stage
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Figure 3.20: FOMTDC of a ring with 3 XCP stages as a function of Wp /Wn with VBi as =
0V.























FOMTDC (Wnz = 1.1μm)
FOMTDC (Wnz = 1.6μm)
Figure 3.21: FOMTDC of a ring with 3 XCI stages as a function of Wx /Wz with VBi as = 0V
and Wpz = 3.6µm.
3.3.4 Evaluation of Results
The previous sections concentrates on the modeling and design optimization
of two representative VCROs based on pseudo-differential delay cells. Although
the outputs of this kind of oscillators are switching from rail-to-rail, small-signal
analysis remains a simple and quite accurate tool to compute a first order
approximation of the oscillation frequency and noise. This is useful to obtain a
fast optimization of the design parameters.
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Figure 3.22: (a) Block diagram of TDC based on VCRO with 4 delay stages and (b) two
TDC working interleaved.
is small, if the time spent with saturated outputs is minimum. Additionally, this
model highlights very well the contribution of each transistor to the oscillation
frequency, making the comparison between stages quite straightforward and
helping the designer to identify the principal trade-offs. However, this model
can not predict the oscillation frequency when the positive feedback term is big
or the number of stages is large.
Analytical expressions agree with simulation results, showing that a ring
oscillator made of pseudo-differential stage with cross-coupled inverters have
higher oscillation frequency. At the same time, analytical expressions predict
smaller phase noise in ring oscillators composed of pseudo-differential stage
with cross-coupled PMOS and simulation results confirm it.
Finally, FOMs were used to study the best application for each stage. Both
stages show similar performance as oscillator, since they seem to have the same
phase noise figure at the best design choice. On the other hand, XCI stage is
better suited for TDCs, when power consumption is considered.
3.4 Time-to-Digital Converter Implementation
The study of delay stages has provided an insight into the relations of time reso-
lution and phase noise with the basic design parameters. This approximation
allows to find the design point at which the oscillation frequency is maximum,
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Figure 3.23: (a) block diagram and (b) time diagram of controller.
with cumbersome expressions. Figure 3.22-(a) illustrates a simplified block dia-
gram of a TDC based on VCRO. The building blocks that compose the converter
are responsible to start and stop the oscillations, sample the oscillator phases,
encode the pseudo-thermometric code1 of the oscillator phases into binary
and count the number of cycles that the ring has done during oscillation. In
the following sections these circuits will be presented and described, putting
emphasis on its practical implementation.
One of the peculiarities of TDC designed for PET is that the trigger signal is
completely asynchronous, since the arrival time of gamma photons is unknown.
This means that the TDC must cover the whole temporal window. Therefore,
architectures with low conversion time are preferred, since the number of TDCs
working interleaved is reduced and, hence, the occupation area. The VCRO
architecture have a very small conversion time, allowing to cover the whole
clock cycle with only 2 interleaved TDCs. Ideally, this implies that while a TDC
is sampling, the other is being read, see figure 3.22-(b). Nevertheless, there is
always a small misalignment of clock signals that leads to a dead time in the
transition between sampling and reading.
3.4.1 Control Logic
As figure 3.22 illustrates, the control block is responsible for generating the
signals that allow the normal operation of the converter from the input signals
start, stop and reset. The output signals of this block must put the oscillator
phases to a known value, generate the turn on signal to start the oscillations
with the first trigger and generate the signal to read the oscillator phases:
• Run: the ring oscillates while this signal is active, this means, that the
1In a thermometric code, the number “N” is encoded as a string of “N” ‘1’s. Thus, the
information is encoded at the transition between ‘1’s and ‘0’s, e.g. the numbers 5 and 6 are
{11111000} and {11111100}, respectively. On the contrary, in the pseudo-thermometric of this
ring oscillator, ‘1’s and ‘0’s are alternated and the information is encoded with a string ‘11’ or
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3.4. Time-to-Digital Converter Implementation
pulse width, Tsample , is given by the rising edge of the start and stop signal.
To guarantee that the measured interval correspond to the arrival time of
the first photon, the circuit must only respond to the first start pulse.
• Write: when this signal is active, the latches sample the oscillator phases
that provide the LSB of the conversion. This signal is generated once the
oscillations are stopped. Since the registers are active by level, this signal
must have the proper width in all corners.
• Zero: this signal is needed to set to a know value the latches, the ripple
counter and internal phases of the ring. Doing so, the oscillations start
always from the same point. Despite this alternative is the simplest, there
are circuits in the literature that implements first order noise shaping by
using the stopping point of the previous conversion as the starting point
of the new conversion [83].
The circuit of figure 3.23-(a) implements the previous specifications, as the
time diagram of figure 3.23-(b) shows, the inputs of the RS bistable is never
at the high level at the same time during the normal operation, because the
demuxiplier of figure 3.22-(b) prevents against it. Also, some transmission gates
have been added to compensate the delays of the start and stop signals.
3.4.2 Ring Oscillator
As it was proved previously, the TDC designed with XCI delay stages perform bet-
ter than the XCP counterpart. In order to have a design as compact as possible,
a ring with 4 delay stages is the common choice among designer [89, 116, 105].
This means that the number of phases at which the oscillator can be stopped is
8. As it is expected, these phases can be encoded in 3 bits. In this topology, the
phase noise and occupied area of the ring are affected by the number of delay
stages in the ring, but the temporal resolution is not modified, because the stage
delay is kept constant. Keeping that in mind, if it were necessary to reduce the
converter power consumption and the occupied area is not a restriction, a ring
with 8 delay stages could be an alternative. Since the oscillation frequency is
halved, the power consumption of the ripple counter is reduced considerably.
Figure 3.24 presents a ring oscillator composed of 4 delay stages with tunable
resistors, reset switches and output inverters. The input of the latches are
connected to f1-f4 and f1-f4, while the input of the ripple counter is connected
to f4 and f4. For that reason, these inverters do not have an enable input, since
they must let pass the value of f4 and f4 during oscillations. The main purpose
of the other inverters is to make the load capacitance of each stage equal, this is
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Figure 3.25: (a) Ripple counter based on toggle flip-flops, (b) toggle flip-flop imple-
mented with NAND gates and (c) cross-coupled latch.
3.4.3 Read-out Logic
The main function of these blocks is to provide the corresponding binary value
associated to the number of oscillations and the stopped phase. The first func-
tionality can be implemented with a ripple counter connected to the last oscil-
lator phase (f4). Hence, when f4 has a falling transition, the counter increases
its value. In practice, this kind of implementations are prone to suffer from
glitches when the oscillator is stopped during a transition of f4. This entails the
formation of a non-monotonicity in the static transfer function of the converter.
The main reasons why these glitches appear are the metastability of delay stages,
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Table 3.2: Phases of a ring oscillator with 4 stages.
f1 f2 f3 f4 T2 T1 T0
1 0 1 0 0 0 0
0 0 1 0 0 0 1
0 1 1 0 0 1 0
0 1 0 0 0 1 1
0 1 0 1 1 0 0
1 1 0 1 1 0 1
1 0 0 1 1 1 0
1 0 1 1 1 1 1
able resistor. The reader may have noticed that, as figure 3.9-(c) shows, during
the switching off transition, the NMOS transistor is disabled before the PMOS
transistor. In order to reduce the impact of these glitches and to assure that
the oscillation count is increased when a real transition occurs, two flip-flops
sample the phases f4 and f4 and their outputs are compared with an AND gate,
as figure 3.25-(a) illustrates. Doing so, the LSB of the counter is only increased
when the transition of the two signals happens.
The principal drawback of this solution is the power consumption incre-
ment, due to the additional flip-flop working at the oscillation frequency. An-
alytically, the power consumption of the ripple counter can be approximated
as,
Pc = Ps +Pd
Ps =Vdd Ileak








where Pc is the total power consumption of the ripple counter, Ps is the static
power consumption due to leakage, Pd is the dynamic power consumption, Vdd
is the voltage supply, Ileak is the current leakage, fosc is the oscillation frequency,
Ceq is the equivalent input capacitance and i is the bit index. The factor 2 inside
the braces represents the two flip-flops. As it is expected, the topology of the
flip-flop will determine the power consumption by means of Ceq . figure 3.25-(b)
represents the schematic of a NAND flip-flop, this topology has been chosen
because of two reason: it is a static memory, therefore, the stored value is not
lost and no minimum sampling frequency is required, fs ; and its maximum
operation frequency is high enough to deal with the output of the oscillator.
The main drawback of this topology is its large area occupation compared to
other alternatives.
Regarding the phase sampling, two circuits are needed: regenerative latches
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3. TIME-TO-DIGITAL CONVERTER DESIGN
Table 3.3: Post-layout simulation results.
Parameter Value Units
Area 2925 µm2
Ring oscillator power 0.8 mW
Ripple counter power 0.6 mW
Total power 1.4 mW
Maximum range 185 ns
Maximum fs 50 MHz
Minimum resolution 90 ps
thermometric code of the phases into binary. To find the encoder expression,
the different phase permutations during oscillations must be studied. The truth
table 3.2 represents all possible permutations of the phases and their encoded
value. It can be observed that between consecutive permutations, only one bit
is changed, similar to what happens in Gray code. Using the truth table, the
expressions for the of the converter output can be easily obtained, as (3.33)
represents.
T0 = f1 f2 f3 f4 + f1 f2 f3 f4 + f1 f2 f3 f4 + f1 f2 f3 f4 (3.33a)
T1 = f1 f2 f4 + f1 f2 f4 (3.33b)
T2 = f4 (3.33c)
The simplicity of these expressions allows to implement them with CMOS,
transmission gate or pseudo-NMOS logic, to name a few. These expressions
were implemented with pseudo-NMOS logic, because of its small footprint.
3.4.4 Physical Design and Simulation Results
Post-layout simulation results are summarized in table 3.3, it can be see that the
occupation area is bigger than in [89], mainly because of the empty space and
the large area of the ripple counter. Moreover, the power consumption is over
1 mW, while the ring is oscillating at maximum frequency. Also, the minimum
time resolution is below 100 ps. However, the final accuracy of the converter
will be worse, because there is no phase locked loop (PLL) to compensate PVT
variations. Future designs will address this issue. All in all, it is expected a
degradation of these parameters during the chip measurements.
Figure 3.26 illustrates the layout of the designed converter. It can be see that
the ripple counter is the biggest block followed by the ring oscillator. Although
the blocks themselves are compact, the floorplan shows that there is still room
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As it was discussed previously, SiPMs are a promising solid-state alternative
to substitute PMTs in a large number of applications. Because of their lower
power consumption, lower bias voltage, smaller size, higher spatial resolution
and magnetic field compatibility, to name a few advantages. However, the
design of such sensors is not trivial, because there are some trade-offs that
make impossible a design to be neither straightforward nor optimal for every
application, like sensitivity versus time resolution, sensitivity versus linearity or
FF versus cross-talk. Therefore, it is necessary to choose carefully the proper
parameters to be optimized in each case. From the analog designer point of
view, this optimization problem is bounded to geometric constrains, since
the modification of the doping profile and junction depth is beyond his/her
reach. As a first order approximation, it can be said that the sensor linearity is a
function of SPAD/mm2, cross-talk is a function of the distance between SPADs,
while FF is a function of SPAD size. Based on this hypothesis, the optimization is
only possible if the required data is available during the first steps of the design
and the analytical descriptions of the sensor and the environment are accurate
enough.
The exploration of the design space is done by selecting the most important
FOM for a given application and, then, optimizing this FOM respect to different
design variables. This procedure avoids the selection of sub-optimal architec-
tures and helps to justify design decision by highlighting the impact of each
variable on the sensor performance.
The aim of this chapter is to provide an analytical study of the design space
of digital silicon photomultiplier (d-SiPM) for PET-ToF. To do so, the basic pixel
architecture is described in section 4.1, along with the functional blocks that
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design space that determines the optimum architecture in term of FOM. Two
approaches are consider there: firstly, the SPAD size is treated as another design
variable; and, secondly, the SPAD size is kept constant. Finally, the proposed
architecture is described in detail in section 4.3.
4.1 Pixel Definition
As it was explained in chapter 1, the d-SiPMs designed for PET-ToF applications
detects the light produced by a scintillator crystal when a gamma photons
interacts with it. This means that the detector block should be composed of
an array of d-SiPM coupled to a monolithic crystal, generally LSO or LYSO, to
provide multiple time stamps and DOI correction. Since monolithic crystals are
used, the generated optical photons during the event are distributed all over
the array and, as a result, the amount of incident photons over each sensor
is relatively small. Therefore, special care during the design must be taken to
extract all the information possible from these few photons: arrival time of the
incident particle, energy transfer to the crystal and the first interaction point
inside the crystal.
Based on these considerations, the pixel functionality can be decomposed
into three main parts: a block to process scintillation events and discard noise,
implemented by a FSM; a block to determine the arrival time of gamma photons
at the scintillator, which is a TDC; and a block to perform the photon integration,
this is achieved with SPADs connected to a rippler counter through a pull-up OR.
As it was discussed in chapter 1, the first interaction point inside the crystal can
be obtained by studying the light profile over the whole sensor block, therefore,
the data from the whole array of SiPMs is needed. figure 4.1 shows a simplified
diagram of the d-SiPM that contains all the functional blocks, note that between
sub-pixels and the FSM there is an adder tree that sets the hold-on and set-up
restrictions, i.e. more sub-pixels means more branches and, therefore, longer
delay.
While the FSM and TDC are considered as a black box during this analysis,
that is, only their footprint area are consider, the variables of this analysis are:
the SPAD size, the number of sub-pixels per pixels and the number of SPADs
per micro-cell. The SPAD size determines the FF and the number of SPAD per
pixel. The number of sub-pixels have a direct impact in the linearity of the
sensor, because each sub-pixel counts the detected photons to later send them
through the adder tree (see figure 4.1). At the same time, the number of SPADs
per micro-cell is a determinant for FF and spatial compression [81], because
the SPADs in the same micro-cell share some logic and the dead time.
Before starting the architectural exploration, it is needed to summarize all
the constants that plays role during the design. Some of these parameters, like
the pixel area, the maximum number of incident photons per unit of area and
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Figure 4.1: Simplified diagram of a digital SiPM pixel with an adder tree of 2 levels and
the SPADs clustered into 4 sub-pixels. Each pixel provides both the number of counted
photons (OutOP ) and the arrival time of the incident particle (OutT DC ).
the sensor environment in chapter 1. Other parameters were obtained from
the full-custom library blocks described in the previous chapters, like the area
of the FSM, TDC and AQRC. Also, post-layout simulations haven been carry
out to estimate the time performance of these library blocks in the worst case
scenario, i.e. the clock period is set by the maximum conversion time of the
TDC and the width of the monostable pulse is determined by the bandwidth of
the TDC trigger path. The last set of values, like DCR and PDP, were obtained
from measurements over the chip, since they can not be estimated indirectly.
With the constants of table 4.1 and the number of sub-pixels per pixels and
the number of SPADs per micro-cell as variables, the pixel performance can be
analytically estimated by the expression obtained in the next sections.
4.2 Figure of Merit Definition and Optimization
Among the SiPM fabricated nowadays, two different design paradigms can be
identified: low and bright light conditions. This forces to choose different FOMs
for each light condition. On the one hand, the PDE is chosen as a principal FOM
for the SiPMs working in low light conditions, like PET and FLIM. This leads to
SPAD pitch between 30 – 60µm and fill factors ranging 50 – 70 % [117, 43]. The
use of PDE as a reference in PET-ToF systems is mainly motivated by the fact
that gamma photon arrival time jitter is strongly dependent on the number of
detected photons, rather than being dependent on the SPAD jitter or the TDC








































































































ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-850a-5af3-75df-4bf9-bd5d-d519-c328-e9be 31/03/2020 09:53:25 Horario peninsular




Table 4.1: Parameter values used for the architectural exploration. These values are
obtained from our own library blocks, simulations and measurements.
Parameter Value Units Description
Geometric Apxl 1.69 mm
2 Pixel area
Atdc 6.5×10−3 mm2 area
A f sm 14×10−3 mm2 area
Acnt 2.6×10−3 mm2 Counter and adder tree area
Aaqr c 90×10−6 mm2 Active quenching and reset
circuit and area.
Adcmm 205×10−6 mm2 SPADs shared dead area
(like monostable, reset...)
Luminous PDP 30 % Photo detection probability
Hq 450 1/mm2 Maximum incident photons
per unit of area per event
calculated in expression (1.9)
Temporal Tpul se 800 ps Monostable pulse width
Tclk 20 ns Clock period
τLSO 40 ns Time constant of LSO
DCR 4×105 Hz/mm2 Dark count ratio per
SPAD active area
T f a 0.3–0.7 ns Minimum and maximum full
adder delay
Tpath 0.6 ns Delay between full adders
Tskew 2.0 ns Skew clock time
Tset−up 0.4 ns Flip-flop set-up time
Thol d−on 0.4 ns Flip-flop hold-on time
Tclk→q 0.3–0.6 ns Minimum and maximum
flip-flop clock to data time
On the other hand, linearity is generally chosen as a reference FOM for
SiPMs designed for bright light applications, like HEP. Linearity is linked to the




because the response of a








≈ NphPDE ⇔ Nµc À NphPDE (4.1)
where the number of SPAD micro-cells, Nµc , is proportional to SPADs per square
millimeter for a given SiPM size. Expression (4.1) can only be approximated to
a linear function if and only if the number of SPADs is much higher than the
number of detected photons (Nµc À NphPDE). With this in mind, the SPAD
pitch of some designs have been push down to 5–20µm allowing a maximum of
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Figure 4.2: (a) SPAD parametric cell. The SPADs have a square shape with rounded
corners, when x > 0. r = 5µm, GR = 1µm, b = x + 2(GR + r +b′) = x + 16.2µm and
b′ = 2.1µm. (b) Block diagram of sub-pixel. The SPADs into the same micro-cell can
only generate one trigger during Tclk . Wide Tpul se can saturate the counter input
(pull-up OR).
only be achieved in custom technologies optimized for analog silicon photo-
multiplier (a-SiPM), where, generally, in-chip signal processing is not possible,
because transistors are not available.
During this architectural exploration, the sensitivity, the number of counted
photons respect to the incident photons, is used as a reference FOM. The sensi-
tivity is similar to the PDE, but it models the non-idealities of the compression
techniques implemented by this architecture [81].
4.2.1 Variable SPAD size
The architectural exploration must start with a general approach that can be
later particularized. Hence, the first step is to find the optimum SPAD size in
terms of sensitivity. To do so, an analytical expression for sensitivity has to be
obtained, derived with respect to the SPAD size and set it equal to zero. This
approach provides the optimum SPAD size in terms of sensitivity for each de-
sign point, that is, for each combination of sub-pixels per pixel and SPADs per
micro-cell, see figure 4.2. Then, the non-linearity and SNR of the pixels can
be calculated to verify if the proposed architecture have an acceptable perfor-
mance. This approach provides designers an useful insight of the design space,
but it does not substitute them in the decision making process, because this
analysis is mainly restricted to geometrical constrains and some key parameters,
like jitter or power consumption, are not reflected on it.
The first step in the architectural exploration is to obtain the number of








































































































ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-850a-5af3-75df-4bf9-bd5d-d519-c328-e9be 31/03/2020 09:53:25 Horario peninsular




Mspl , and the number of SPADs per micro-cell, Nµc . Thus, the number of SPADs
per pixel can be calculated as the fraction between the pixel area not occupied





ÌÌÌÊ Apxl − (Atdc + A f sm + Acnt Mspl )
Aspad + Aaqr c + AdcmmNµc
ÍÍÍË (4.2)
where Aspad = b2 =
[
x +2(GR + r +b′)]2 is the SPAD area, see figure 4.2-(a);
Apxl is the total pixel area; Atdc is the TDC area; A f sm is the FSM area; Acnt is
the area occupied by sub-pixel logic, like counters and multiplexers; Aaqr c is the
area of the AQRC; and Adcmm is the SPADs shared dead area, like monostable,
reset circuits. Note that the parametric cell of the SPAD generates an square
active area with rounded corners if x > 0. As it was explained in chapter 2,
rounded corner are preferred over right corners, because they are associated
with lower electric fields at the edges and, consequently, lower DCR due to







where Aaspad = x2 +4r x + r 2π is the SPAD active area. As it was commented
previously, an ideal SiPM has an output proportional to the number of incident
photons. Nevertheless, since the number of micro-cells is limited in a real SiPM,
its output experiments a saturation when the incident number of photons is
high enough, in the order of Nµc ∼ NphPDE as expression (4.1) states. This,
however, is only the first of the non-idealities that a digital SiPM has. The
studied architecture presents some other limitations whose influence must be
estimated. In [81], the probability of losing photons, pile-up, due to spatial and
temporal compression is calculated with a Poisson distribution. The spatial
compression is obtained when the monostable and reset logic is shared among
different SPAD cells, see figure 4.2-(b). This means that only one photon can be
counted by each SPADs micro-cell after an avalanche, because the dead time
is shared among all the SPADs of the micro-cell. Here, to simplify the analysis,
the SPAD dead time is set equal to the clock period, Tclk . The main advantage
of this approach is the increase of fill factor, as a result of the fact that the area
of common logic is shared among different SPADs. Hence, the probability of
losing photons due to spatial compression (Psp ), i.e. two or more photons arrive
at different SPADs from the same micro-cell during the scintillation build-up,
from t = 0 to t = Tclk , can be expressed with a Poisson distribution [81]:
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4.2. Figure of Merit Definition and Optimization
where k is the number of times the event occurs, that is, photon losses or pile-up
per micro-cell; and µsp is the average number of events per sampling interval,
i.e, the number of detected photons per micro-cell, from t = 0 to t = Tclk . As it
was discussed in expression 1.4, the emission dynamics of a scintillation event
are modeled by exponential decays. In the particular case of LSO and LYSO
scintillators the emission is usually simplified with one time constant. The
number of detected optical photons at a pixel per unity of area, OP d , during the
scintillation build-up, from t = 0 to t = Tclk can be obtained by integrating the
instantaneous photoemission described by expression (1.4) in chapter 1:








where Hq is the maximum incident photons per unit of area per event calculated
in expression (1.9) and τLSO is the scintillator time constant, in this case LSO.
Finally, combining (4.4) and (4.5), the probability of losing photons due to
spatial compression is:
Psp (µsp ;k > 1) = 1−exp
(−Nµc Aaspad OP d ) (4.6)
From this expression it can also be derived that SiPMs composed of smaller
SPADs have smaller losses due to spatial compression, i.e. larger linearity,





On the other hand, temporal compression is obtained when the monostable
shrink the SPAD output pulses, making possible the counting of more pulses
during the same readout interval. As there is not arbitration method to access
the pull-up OR, the loss of information is expected due to pulse overlapping, see
figure 4.2-(b). The probability of losing photons due to temporal compression,
i.e. two or more monostable pulses are so close that the counter is unable to
distinguish them, can be expressed with a Poisson distribution [81]:







−Nspad Aaspad OP d Tpul se
Tclk Mspl
] (4.7)
where k is the number of times the event occurs, that is, monostable pulses
overlaps; and µt p is the average number of events per sampling interval, from
t = 0 to t = Tclk . It is commonly attributed to the Tpul se to be the driving
parameter of these losses, unfortunately its minimum value is limited by the
resistive and capacitive parasitics of the trigger path. On the contrary, the
fraction Nspad /Mspl is easier to modify, because it is independent of parasitics.
Other approaches, like the presented in [121, 122], substitute the monostable
and OR tree by a toggle register per micro-cell and a XOR tree. This way temporal
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of the XOR output and the dynamic range is accordingly increased. The main
drawback of this approach is the larger occupation area of toggle registers per
micro-cell and the XOR tree. Furthermore, the XOR tree is unable to preserve
the arrival time of the first photon as OR tree does [122]. Finally, the sensitivity
of the sensor, i.e. photon counting probability, can be calculated with (4.3), (4.6)
and (4.7) as,























Expression (4.9) is function of Nµc , Mspl and the SPAD size. Also, at its
rightmost parenthesis, the contribution of spatial and temporal compression
is shown. The term Nµc determines the spatial compression, while the factor
Nspad Tpul se /Mspl sets the temporal compression. It can be see that that large
values of the two components reduces the overall sensitivity. Also, the influ-
ence of temporal compression respect to spatial compression can be reduced
if Nspad Tpul se /Mspl ¿ Tclk . Therefore, since Tclk is determined by the TDC
conversion time and Tpul se is limited by parasitics, the SPAD size, Nµc and Mspl
are the only free variable. In the following, the SPAD size, x, that provides the
maximum sensitivity for each combination of Mspl and Nµc must be calculated


















The last step is to set equal to zero expression (4.10). However, since (4.10)
is a transcendental equation, the close-form expression to solve dS/d x = 0 may
not exist. For this reason, numerical methods must be used to obtain the value
of x that provides the best sensitivity for each combination of Mspl and Nµc .
Figure 4.3 illustrates the optimum SPAD size in terms of sensitivity as a function
of Mspl and Nµc . These pitches are similar to those offered by commercial
products [38, 37, 42].
Finally, the SNR can be used to study the trade off between Mspl and Nµc .
It can be approximated as follows if DCR (in Hz/mm2) is considered to be
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4.2. Figure of Merit Definition and Optimization
0 5 10 15
















































Figure 4.3: SPAD size, x, as a function of number of sub-pixels per pixel and number of
SPADs per micro-cell.
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As figure 4.4 represents, the sensitivity has the lowest values when Mspl < 16,
because the photon losses due to temporal compression are larger. However,
when this number is above 16, the sensitivity reaches a plateau with the highest
value at Mspl = {32,64} and Nµc = 1. These results show that architectures with
shared monostables (Nµc > 1) have slightly lower sensitivity, because the sensor
saturation is achieved earlier since the dead time is common among the SPADs
connected to the same monostable.
The figure 4.5 illustrates the counted photons as a function of incident
photons for a pixel with Nµc = 1. The dashed line represents the ideal response
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Figure 4.4: Sensitivity as a function of number of sub-pixels per pixel and number of
SPADs per micro-cell for optimized size.
the sensor considering photon losses due to compression. In figure 4.6, the
definition for the sensor non-linearity is provided. From this data, the non-
linearity of the sensor can be calculated, as figure 4.7 summarizes. The lowest
values of non-linearity can only be achieved if the parallelism of the pixel is
maximum, i.e. SPADs do not share monostable and the number of sub-pixels is
large.
Figure 4.8 illustrates the SNR as a function of Nµc and Mspl . Although it may
seem counter intuitive, the SNR does not have any maximum as the sensitivity
does around Nµc = 1 and Mspl = {32,64}. This is because the number of SPADs
is smaller at the SNR maximum than at the sensitivity maximum (around 125
fewer SPADs). As a result, the small maximum is masked by noise reduction.
It has to be noted that the DCR in this expression is not realistically modeled,
since large SPADs have not only larger noise but their yield is worst (higher
number of very noisy devices). Furthermore, in figure 4.8, it can be observed
that the SNR is more or less constant, with less than 1 dB of variation, in the
whole range of Nµc . The SNR is also quite constant respect to the Mspl when
Mspl > 16.
At this point, the feasibility of these optimum architectures has to be verified
with post-layout simulations, because the resistive and capacitive parasitics
determine the violation of hold-on and set-up times at register-transfer level.
Ideally, this should be done with digital synthesis tools. However, since all
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4.2. Figure of Merit Definition and Optimization




















Figure 4.5: Counted photons as a functions of incident photons with 1 SPAD per micro-
cell for optimized size. The dashed line represents the detected photons (ideal sensor








Figure 4.6: Graphic definition of non-linearity.
presented. In figure 4.9, the data propagation flow is shown. The number of
accumulated photons at each sub-pixel must be sent through the adder tree to
the FSM input. In order to avoid set-up and hold-on violations, the time needed
for this data to be propagated, Tlog i c , determines the maximum and minimum
number of sub-pixels for a given Tclk , respectively. This is because the number
of sub-pixels determines the number of adders between the sub-pixels and the
FSM. To avoid set-up violations, the data at the FSM input must be valid a time
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Figure 4.7: Pixel non-linearity for optimized size SPAD.
Tclk > Tskew +Tset−up +Tclk→q +Tlog i c max
Tclk > Tskew +Tset−up +Tclk→q +T f a
{
n +2[log2 (Mspl )−1]}+Tpath log2 (Mspl )
(4.12)
where Tclk is the clock period, Tskew is the delay in the clock path, Tset−up is the
flip-flop set-up time, Tclk→q is the time needed for the flip-flop to show a valid
output after the rising edge of the clock, Tlog i c max is the maximum delay of the
adder tree and it is divided into two component. Tpath is the delay between






determines the longest delay path by
determining the maximum number of full adders through which the data is
propagated. The number of bits of the sub-pixel counter can be estimated
taking into account the number of detected photons per sub-pixel,
n =
ÈÌÌÌlog2










The values of these parameters are calculated from our library blocks at the
worst corner, resistive and capacitive parasitics are also included. On the other
hand, to avoid hold-on violations, the data must not change a time Thol d−on
after the clock edge. The hold-on condition is met if expression (4.14) is valid,
Tclk→q +Tlog i c mi n −Tskew −Thol d−on > 0
Tclk→q +
(
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4.2. Figure of Merit Definition and Optimization
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Figure 4.8: Signal to noise ratio as a function of number of sub-pixels per pixel and
number of SPADs per micro-cell for optimized size.
where Tlog i c mi n is the minimum delay of the adder tree and it is function of
Mspl . Table 4.2 summarizes the pixel configurations that violate hold-on and
set-up conditions. Considering that the clock period is fixed at 20 ns, due to
the TDC conversion time, the number of sub-pixels per pixels must be higher
than 4 to avoid hold-on violations. In terms of set-up, the number of sub-pixels
could be 64 or 128. However, these results are too close to the clock period and
should be taken with caution since they are approximations.
Table 4.2: Set-up and hold-on conditions for Nµc = 1.
Mspl Set-up (ns) Hold-on (ns)
1 Tclk > 6.5 0.3 2.2
2 Tclk > 8.5 1.2 2.2
4 Tclk > 9.8 2.1 2.2
8 Tclk > 11.1 3.0> 2.2
16 Tclk > 13.1 3.9> 2.2
32 Tclk > 14.4 4.8> 2.2
64 Tclk > 15.7 5.7> 2.2
128 Tclk > 17.7 6.6> 2.2
Taking into account all the previous data, the optimum architecture in terms
of sensitivity should have Nµc = 1 and Mspl = 32. At this point, Nspad ≈ 390,
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Figure 4.9: Data path from sub-pixel output to finite state machine (FSM) input.
sensitivity of all possible, however, its linearity is not optimal. Better linearity can
be obtained with smaller SPAD, as it will be see in the next section. Moreover,
from the yield point of view, Nµc > 1 are preferred to keep DCR as a linear
function of active area and to reduce the impact of defective SPADs over the fill
factor, that is, a small defective SPAD has smaller impact in the fill factor than
a big one. As a consequence of the minimal variation of SNR as a function of
Mspl , the SNR is not considered during the comparison.
4.2.2 Constant SPAD size
Another commonly used approach is to set a constant, and previously tested,
SPAD size to find the optimum design point for a given FOM. This provides
sub-optimum performance in terms of the FOM. However, the main advantage
is that the whole performance can be better estimated if a complete characteri-
zation of the SPAD was carried out previously. This is because the size have an
impact in the SPAD yield, e.g. bigger SPADs have worst jitter and DCR. Since
the size is set constant, the analysis is reduced to study how the FOMs vary
as a function of Mspl and Nµc . This simplifies the whole process, because no
optimization is required and expressions (4.8) and (4.11) can be used to deter-
mine the sensitivity and SNR, respectively. The proposed SPAD dimensions for
this analysis were presented in chapter 2: x = 5µm, r = 5µm, GR = 1µm,
Aaspad = 200µm2 and Aspad = 449µm2. These dimensions are chosen to have
a SPAD fill factor close to 40 % and keep the impact of noisy devices low.
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4.2. Figure of Merit Definition and Optimization
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Figure 4.10: Sensitivity as a function of number of sub-pixels per pixel and number of
SPADs per micro-cell for constant SPAD size.
is around Mspl = {16,32} and Nµc = {15,24}. Contrary on what was shown in
figure 4.4, there is a sub-optimum point if the SPAD size is constant. This is
attributed to the fact that, for the given SPAD size, a slight fill factor increment
have more impact in the final sensitivity than a slight decrement of the losses
caused by sensor saturation. This is valid until saturation starts to rise for
Nµc > 24.
As it was expected, figure 4.11 shows how a smaller SPAD size produces an
increase in the sensor linearity at the price of lower sensitivity compared with
the data of figure 4.5. Since the linearity is improved as figure 4.12 represents,
the sensor could be useful for higher brightness applications than PET. This
results illustrates the trade-offs between sensor linearity and sensitivity.
From figure 4.13, it can be observed that the SNR shows a similar behavior for
both design approaches, variable and constant SPAD size. This is a consequence
of a lower active area per pixel susceptible of producing dark counts at the points
with the highest Mspl and lowest Nµc . If the DCR were independent of active
area, the SNR would be proportional to the sensitivity, as expressions (4.8)
and (4.11) show.
In this case, the hold-on and set-up conditions are summarized in table 4.3,
these results are similar to those obtained in the previous section. Because
both hold-on and set-up violations are determined by shortest and longest
delay path, respectively, between the sub-pixel output registers and the FSM
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Figure 4.11: Counted photons as a functions of incident photons with 16 SPADs per
micro-cell for constant SPAD size. The dashed line represents the detected photons
(ideal sensor response), the triangle is pointing the maximum number of incident
photons in Tclk .
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Figure 4.12: Pixel non-linearity for constant SPAD size.
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4.2. Figure of Merit Definition and Optimization
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Figure 4.13: Signal to noise ratio as a function of number of sub-pixels per pixel and
number of SPADs per micro-cell for constant SPAD size.
Table 4.3: Set-up and hold-on conditions for constant SPAD size and Nµc = 16.
Mspl Set-up (ns) Hold-on (ns)
1 Tclk > 6.5 0.3 2.2
2 Tclk > 7.8 1.2 2.2
4 Tclk > 9.1 2.1 2.2
8 Tclk > 10.4 3.0> 2.2
16 Tclk > 12.4 3.9> 2.2
32 Tclk > 13.7 4.8> 2.2
64 Tclk > 15.7 5.7> 2.2
128 Tclk > 17.7 6.6> 2.2
Considering the sensitivity results of figure 4.10, the optimum architecture
should have Nµc = 16, Mspl = 32 and Nspad ≈ 3160. Again, the SNR is not
taken into account during the comparison, because it is more or less constant,
around 2 dB variation in the whole design space. This configuration gives better
linearity than the proposed in the previous section, but its sensitivity is sub-
optimal. The relatively low sensitivity is caused by the low fill factor of the SPAD
itself because the SPAD guard-ring occupies a huge fraction of the SPAD area.
Moreover, with Nµc = 16, the impact of a noisy SPADs can be attenuated by
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Figure 4.14: Proposed digital SiPM architecture with an adder tree of 5 levels and the
SPADs are clustered into 32 sub-pixels.
4.3 Proposed Pixel Architecture
In this chapter, two architectural exploration processes have been proposed
to study the main trade-off during the design of a digital SiPM. The principal
variables studied here were the SPAD size, x; the number of sub-pixels per
pixel, Mspl ; and the number of SPADs per micro-cell, Nµc . Temporal constrains
were also studied to verify the feasibility of these architectures in worst case
corners, to guarantee no hold-on and set-up violations. The constant values
used to solve the analytical expression were extracted from simulation of our
library block, consequently, these results should not be taken as a closed results
because there is room for further optimization at the block level, e.g. TDC
conversion time, AQRC or SPAD active area.
Throughout the chapter, it has been shown that the number of sub-pixels
per pixel have a noticeable effects on the sensitivity, because these blocks are
responsible of losses, due to temporal compression. Variable and constant size
optimization process have shown that a number of sub-pixels per pixel lower
than 16 has an unacceptable value of sensitivity for a pixel size of 1.69 mm2.
On the other hand, if the number of sub-pixels per pixel is higher than 16, the
losses due to temporal compression for a pixel size of 1.69 mm2 are almost
negligible. Furthermore, when the SPAD size is constant, and relatively small,
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4.3. Proposed Pixel Architecture
a reduction of the fill factor. Additionally, the maximum number of sub-pixels
is limited to 32 by set-up violations in both optimization process. For that
reason, the proposed SiPM architecture should have 32 sub-pixels per pixel.
figure 4.14 represents the top level diagram of the pixel. The pixels is composed
of 32 sub-pixels; an adder tree of 5 levels; a TDC; an accumulator to integrate
the number of photons; a multiplexer to choose between the TDC output, the
number of detected photons during a clock period (Ei ) an the accumulated
number of photons (Ea); a shift register and a decoder to configure the SRAMs,
i.e. to determine which SPADs are active during the sampling phase. Besides,
the control and configuration of the pixels is implemented externally with a
FPGA to have enough flexibility to test the first prototype of SiPM. Moreover,
bias references for the TDC ring oscillator and SPAD dead time are externally
controlled, note that a final implementation should have a internal PLL and
band-gap references to compensate PVT variations as in [35, 36, 45].
The SPAD size for the proposed d-SiPM proof of concept have been selected
to be x = 5µm and Aaspad = 200µm2. Although this means a non-optimum
sensitivity, the decision is justified by two reasons, yield and jitter. On the one
hand, the yield, in terms of excessive DCR and breakdown voltage uniformity,
has not been studied for the SPAD sizes proposed by figure 4.3 in this technology.
This may seem trivial, but a full characterization of large SPADs have to be
carried out before implementing any SiPM, because excessive DCR or non
uniform breakdown voltage could lead to an inoperative chip. On the other
hand, as it was discussed in chapter 2, smaller SPADs have lower jitter than larger
SPADs, since the avalanche propagation time is less sensitive to the position at
which the electron-hole pair is created [32, 50, 52].
The optimization processes have proposed two very different number of
SPADs per micro-cell as optimum values in terms of sensitivity. This disparity is
attributed to the sensitivity trade off between fill factor and spatial compression.
Accordingly to the constant size optimization, the number of SPAD per micro-
cell should be 16 to obtain the largest sensitivity. However, such a large number
has a negative impact on the jitter for two main reasons. Firstly, AQRC outputs
connected to the same node increase the capacitive load and the signal rise
time, leading to an increase in jitter as it was discussed in chapter 2. Secondly, it
would not be trivial to equalize the signal path of 16 AQRC outputs connected
to the same node. This is relevant to reduce jitter, because the arrival time of
the trigger signal to the TDC must be independent on which SPAD has detected
the photon. Consequently, the number of SPADs per micro-cell logic is set to
4, as a trade off between sensitivity, jitter and layout routing. Figure 4.15-(a)
illustrates sub-pixel architecture and the the floorplan of the micro-cell and
its connections with the counter block. With this configuration, the number
of micro-cells per sub-pixel is 19 and the number of SPADs per sub-pixel is
76. Additionally, figure 4.15-(b) shows the block diagram of the counter block,
the counters must be working interleaved to count all the monostable pulses,
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Figure 4.15: (a) Sub-pixel architecture, (b) block diagram of counter block working
interleaved. Dotted arrows represent the data flow when clk = 0.
of the TDC, there is always a small misalignment of clock signals that leads to a
dead time in the transition between sampling and reading.
The pixel micro-photography is shown in figure 4.16. The pixel core has
an active area of 1.69 mm2 and it is composed of 32 sub-pixels and the adder
tree. The counter blocks and the adder tree are packaged into 8 distributed
areas at the abutted corners of the sub-pixels. The output registers, the TDC
and the configuration logic are allocated at the periphery of the core. Table 4.4
summarizes the architecture and the expected pixel performance, experimental
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Figure 4.16: Pixel micro-photography.
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As in many other fields of science, in microelectronics, it is common that the
characterization of the first prototype is not only carried out to demonstrate its
functionality but also to obtain the necessary information to improve future
designs. If the initial assumptions were wrong, the root of the mistake is tracked
and solutions are proposed, in order to verify them in future designs. Nowadays,
the design of integrated circuits generally does not requires several error and
trial iterations. Mainly thanks to the large panoply of computer-aided design
(CAD) tools, the designers have at their fingertips and to the foundry efforts
to provide well modeled, tested and verified devices. Nevertheless, this is not
usually the case for SPADs in CMOS technologies, because foundries do not
usually provide them as a standard library cells. The lack of a precise device
model involves designing front-end on the basis of the acquired knowledge
from the bibliography or the experience of previous implementations. Most
of the times, this means to explore and to push the limits of the technology.
Despite of the effort of the community to characterize these devices and show
their functionality, the lack of experience in this field is an entry barrier for all
those new designers that look with distrust, not without reason, any full-custom
device that must be biased beyond the break down voltage of its p-n junction.
The main goal of this chapter is to characterize the implemented d-SiPM un-
der low-light conditions, similar to the working environment in the application
scenario. First of all, the I-V diode characterization is carried out in section 5.1
to extract the breakdown voltage and the internal breakdown resistance. In
section 5.2, the array noise is obtained to determine the yield of the devices.
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5. DIGITAL SILICON PHOTOMULTIPLIER CHARACTERIZATION
the PDP. Finally, simulations results are provided to show the validity of the
expressions obtained during the architectural exploration.
5.1 Diode Characterization
The first step of SPAD characterization is always to determine the diode break-
down voltage. Therefore, during the characterization of the other parameters,
these can be easily expressed as a function of excess voltage. In order to verify
the uniformity of the breakdown voltage, 400 devices from 4 different chips were
studied. Low variability of breakdown voltage, both device-to-device and chip-
to-chip, is required for SPAD structures implemented in arrays, to guarantee
uniform biasing in the whole structure. Also, the shape of the I-V characteristic
provides some qualitative information about the presence of PEB and the qual-
ity of the p-n junction. Firstly, the I-V characteristic with smooth slope, like the
shown in figure 5.1-(a) for PP/NW3V3 devices, usually indicates the presence
of PEB, because the breakdown resistance in these devices is higher than the
breakdown resistance for a p-n junction without PEB. This higher resistance
is caused by a smaller area (lateral junction) through which the current flows
during the avalanche. Generally, lateral junctions are vertical p-n junctions at
the perimeter of the active area, close to the guard ring. As it was explained in
the chapter 2, devices with this characteristic are, in practice, insensitive to light,
since the active area never reaches a proper breakdown voltage. Secondly, since
all the SPADs share the same cathode, the variations in the breakdown voltage
means a variation in the excess voltage for each device, leading to variations of
PDP and DCR. figure 5.1-(b) represents the I-V characteristic of PW3V3/DNW
diodes of different shapes and sizes. In this case, current through the device rise
abruptly from 20 nA, due to reverse saturation current, to 4 mA. This last value
is limited by the measurement instrument to avoid device destruction. Also, the
current start to saturate around 100µA because of the multiplexing circuitry of
the test array.
The figure 5.2 illustrates the breakdown voltage of 400 PW3V3/DNW devices
from 4 different chips. The breakdown voltage was defined as the voltage where
the current increment has its maximum in the I-V characteristics. It can be
observed that the breakdown voltage is around 18.0 V at room temperature.
Moreover, in the worst case scenario, the variation of breakdown voltage is
below 0.3 V all the SPADs. This entails that in an array of SPADs biased with an
excess voltage of 3.0 V above the average, the excess voltage difference between
the SPADs with highest and lowest breakdown voltage is below 10 %. And it is
less than 5 % if the excess voltage is 6.0 V. The uniformity of the biasing helps
to keep the uniformity of parameters like PDP and DCR, for this reason high
excess voltages are preferred.
On the other hand, the figure 5.3 represents the breakdown voltage as a
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Figure 5.1: Inverse current as a function of cathode-anode voltage for SPADs with
different sizes and shapes at room temperature: (a) PP/NW3V3 diodes with premature
edge breakdown (PEB) and (b) PW3V3/DNW diodes without PEB.
















Figure 5.2: Histogram of break down voltage of the PW3V3/DNW devices at room
temperature. The mean is 18.01V and the total number of samples is N = 400 from 4
different chips.
temperature coefficient is around 14 mV/K for the range of 255–365 K, this value
agrees with the reported results from [55, 56]. Qualitatively, this can be ex-
plained because charge carriers with higher temperature lose a fraction of their
energy to optical phonons via scattering. These collisions cause a reduction of
the ionization ratio of the charge carriers crossing the depletion region [33]. For
this reason, higher electric field and, therefore, voltage is required to ensure the
breakdown condition described in chapter 2. This data is necessary to empha-
size the importance of a properly sized quenching resistor, since too large or
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5. DIGITAL SILICON PHOTOMULTIPLIER CHARACTERIZATION


















 = 0.014·T + 14.01
R2 = 0.9885
Figure 5.3: Break down voltage for a PW3V3/DNW SPAD as a function of temperature.
Linear fit shows a slope of 14 mV/K.

















Figure 5.4: Breakdown resistance as a function of the inverse of the SPAD active area at
room temperature.
to Joule effect. In a compact array, this means the creation of a hot spot able
to reduce the excess voltage of its neighbor devices and, therefore, to create
variations in the PDP and DCR of the array.
Also from the I-V characteristics, the breakdown resistance (RBD ) can be
calculated. Despite only 4 different SPAD sizes were implemented, this data
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Figure 5.5: (a) Avalanche photo-emission of PP/NW1V2 SPAD with premature edge
breakdown and ISPAD = 10mA (b) avalanche photo-emission of PW3V3/DNW SPAD
without premature edge breakdown and ISPAD = 19mA. Turned-off SPADs are shown
for comparison purposes.
the value of the slope (∼30 kΩ/µm2) is high, but it is consistent with the fact
that Deep N-well layers have a low doping. The offset of 190Ω is due to the
parasitic resistance of the physical set-up and the multiplexing logic. As it was
shown in chapter 2, the time constant of the quenching can be approximated
to a linear function of the breakdown resistance and the junction capacitance
(τQ ≈ RBDCK A). Apart from increasing the quenching time, less doped layers are
also associated to devices with larger jitter than devices implemented with more
doped layers (less resistive junctions), like the PP/NW3V3. This larger jitter is
the result of statistical variation in the number of emitted photons during the
avalanche building-up and spreading [52].
A common experiments to test the uniformity of the p-n junction consist
of studying the avalanche photoemission, that is, the emission of photons in
the visible spectrum due to the impact ionization of electron and holes in the
p-n junction [47, 51, 61]. This technique is very useful to identify regions where
avalanches are occurring, because these regions are highly illuminated. This
helps to study the electric field uniformity across the active area, the effective-
ness of guard ring structures or the presence of PEB [47, 123, 124, 125]. To bias
the diodes in a self-sustainable avalanche region, low quenching resistors are
required, this leads to reverse currents in the order of 1–20 mA. In figure 5.5-(a),
photoemission attributed to PEB and non-uniform doping can be observed
at the borders and the center of a PP/NW1V2 diode, respectively. This image
was obtained by superimposing an black and white image of the diode with
background light over a color image of the same region without any illumina-
tion.s Long exposure, around 14 seconds, was required to obtain the picture
of photoemission. The current through the device is 10 mA. The reason why
there is discontinuous glow at the border is because of the lack of electric field
uniformity in the PP/NW1V2 depletion region. To avoid the problems arising
from superficial highly doped layers, like the previous ones, designers tend to
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Figure 5.6: (a) Desired PP/NW3V3 SPAD structure (b) implemented PP/NW3V3 SPAD
structure.
the case of PW3V3/DNW diodes, photoemission is much more uniform along
the borders as figure 5.5-(b) illustrates, even for currents as high as 19 mA. Un-
der such bias, a very slight glow can be appreciated at the center of the device.
This suggest that a large fraction of the avalanche current is flowing through the
guard ring, instead of through the bottom of the device.
Qualitatively, these results along with the I-V characteristics indicate that
the implemented PP/NW devices are not proper candidates to be part of an
array, because of the low electric field uniformity in the p-n junction and the
presence of PEB. Nevertheless, devices with equivalent layers are reported in
[56], showing promising results in terms of PDP, DCR, and jitter. As it was
discussed in section 2.3, an error during the design of PP/NW3V3 structure
leads to PEB. The p+ diffusion mask was extended to enclose the N-well as
figure 5.6-(a) illustrates. However, this enclosure was done below the poly-
silicon, where the poly-silicon acts as a stopping layer, preventing the formation
of the diffusion below it as figure 5.6-(b) shows. To overcome this issue in
future designs, the poly guard-ring should be reduced or moved away to allow
the proper formation of p+ diffusion. On the other hand, the photoemission
in the PW3V3/DNW devices seems to be uniform at the borders, but, since
low glow is appreciated a the center, a more effective guard ring should be
implemented to guarantee that the avalanche is well confined in the active area
and no avalanches occurs at the borders.
5.2 Dark Count Rate
The DCR characterization of the SiPM provides information about the spatial
distribution of noisy diodes and its yield. For obvious reason, this characteriza-
tion must be carried out SPAD by SPAD under complete darkness with different
excess voltages to study the variation of this parameter. Furthermore, the dead
time of the devices is set to 5µs, a value high enough to reduce the effect of
after-pulsing. Although the magnitude of the dead time is small, the measured
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Figure 5.7: Dark count rate (DCR) map for PW3V3/DNW devices with Vex = 2V and
td = 5µs. White areas stand for non-working quenching (ISPAD > 1mA).
DC Rr = DC Rm
1−DC Rm td
(5.1)
where DC Rr is the estimated real value of DCR, DC Rm is the measured DCR
and td is the dead time. Since the number of counts is small, the integration
time of each sample is 12 seconds. Figure 5.7 represents the DCR for a SiPM
with an excess voltage of 2.0 V. It can be observed that the DCR is below 200 Hz
in almost all the SiPM, except for few devices that reach values over 1000 Hz.
The areas with null data represents the SPADs without proper quench. As a
result, these devices are always emitting photons and no counts are registered.
At the same time, figure 5.8 represents the DCR for a SiPM with an excess
voltage of 3.0 V. As it was expected, the current through the SPAD increases at
higher excess voltages, consequently, a larger number of quenching circuits
are unable to quench the avalanche. Under such bias conditions, the yield
degradation can be attributed mainly to the bad design approach used to size
the quenching transistor of the AQRC. The design approach followed entails
that the avalanche is only quenched after the quenching transistor is switched
off, because conductive quenching transistors are used to better detect the
avalanche current peaks [77]. This sets a large avalanche current that modifies
the temperature and parameters of the SPAD, the quenching transistor and the
comparator. As a result, if the actual excess voltage of the SPADs is reduced, the
comparator, in this case implemented with a wide transistor, can not detect
the avalanche and switch off the quenching transistor. This leads to a self-
sustainable avalanche.
While it is true that these DCR maps are indispensable to identify faulty
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Figure 5.8: DCR map for PW3V3/DNW devices with Vex = 3V and td = 5µs. White areas
stand for non-working quenching (ISPAD > 1mA).
that it is complicated to study the yield quantitatively. For this reason, DCR is
also represented as a cumulative histogram of population. This kind of plots
are very useful to interpret which percentage of the total number of SPADs has
a DCR equal to or below to a given value. The figure 5.9 shows the cumulative
DCR histogram for all the SPADs of a SiPM for different excess voltages and dead
time of 5µs, to avoid after-pulsing. The median DCR for the devices biased at
3 V is 80 Hz, which means a median of 0.4 Hz/µm2. This value is higher than the
reported in the state of the art d-SiPM implemented in CMOS technologies [56,
55]. With an excess voltage of 2 V, the percentage of faulty devices is around
10 %, while for excess voltages of 3 V, this percentage rises up to 35 %. This
low yield can be attributed to device self-heating caused by the high currents
through the SPADs during avalanche. This, at the same time, means that the
number of defective SPADs increases for long integration times, since the self-
heating drifts the micro-cell (SPAD and quenching circuit) characteristics over
time.
In order to validate the previous hypothesis, it is worth studying the effect of
temperature on the DCR. To compensate the excess voltage variation with tem-
perature, the data obtained in the previous section was used. The experimental
data from figure 5.10 can be fitted to the Arrhenius expression to estimate the
activation energy (E A) of the charge carriers responsible from triggering the
dark counts:






where A is a constant, E A is the activation energy, kB is the Boltzmann constant








































































































ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-850a-5af3-75df-4bf9-bd5d-d519-c328-e9be 31/03/2020 09:53:25 Horario peninsular
Nº registro DIRECCIÓN DE VALIDACIÓN
O00008744e2000017793 https://sede.administracionespublicas.gob.es/valida
GEISER-850a-5af3-75df-4bf9-bd5d-d519-c328-e9be












Percentage of population (%)
0 10 20 30 40 50 60 70 80 90 100
Vex = 2V; tdead = 5μs
Vex = 3V; tdead = 5μs
DCRmedian = 80Hz
Figure 5.9: Cumulative DCR population for 2432 PW3V3/DNW SPADs at room temper-
ature. SPAD active area is 200µm2 and median DCR 0.4 Hz/µm2.
higher than room temperature, the activation energy is similar to silicon band-
gap (1.12 eV). Hence, thermal trap assisted Shockley-Read-Hall carriers are
responsible of the largest component of DCR [127]. Moreover, it can be observed
that the DCR multiplies it value by ten every 25–30 K over room temperature.
It seems feasible that an increment of p-n junction temperature due to poorly
quenched avalanches results in the DCR increment that can be observed in
figure 5.9 between 80–90 % of the the population. On the contrary, when the
temperature is below room temperature, the activation energy is smaller and
the main component of DCR is band-to-band tunneling [57].
Also, the effects of faulty quenching can be observed with the naked eye be-
cause of the photoemission and high current consumption. The figure 5.11-(a)
shows a microphotography of a SPAD micro-cell in color. The figure 5.11-(b)
shows the same SPAD micro-cell in black and white with a picture of photoemis-
sion superimposed. Long exposure, around 14 seconds, was required to obtain
the picture of photoemission. The microphotography shows the light produced
during continuous avalanches in two SPADs biased with and excess voltage of
1 V and a current of 1 mA. Such currents are incompatible with SiPM nominal
operation, because the number of SPADs per pixel is 2432. Even with only 10 %
of active devices, it is experimentally observed that the current consumption
is so high that the bias can not be properly supplied because of voltage drop
across the entire SiPM. As explained before, this implies that the comparator
is unable to detect the avalanche current and to quench it. Once again, this
points out that the approach followed to size the quenching transistor is not
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Figure 5.10: DCR as a function of temperature for PW3V3/DNW SPAD. E A1 slope is
associated to thermal trap assisted Shockley-Read-Hall generation and E A2 slope is
associated to band-to-band tunneling.
Figure 5.11: (a) Color micro photography of a SPAD micro-cell and (b) avalanche photo-
emission of two SPADs with out proper quenching (Vex = 1V and ISPAD = 1mA), the
other SPADs are turned-off.
5.3 Photon Detection Probability
The ability of the sensor to detect and count the incident photons provides valu-
able information about the performance of the technology and the proposed
architecture. In this case, it is not possible to characterize the SiPM as a such,
since only a small number of SPADs have a stable behavior over time. Besides,
this reduces considerably the number of experiments that can be performed
to obtain significant, representative or relevant information about the SiPM.
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PDPexp (%) @ Vex = 0.5 V 
Figure 5.12: Photon detection probability as a function of wavelength with
PW3V3/DNW SPADs for Vex = 0.5V and td = 5µs.
loose their validity in a design with such problems.
The PDP measurement was carried out with an Ebert-Fastie monochromator
under single photon regime
(∼ 1nW/mm2) to avoid the effects of pile-up in the
sensor. Otherwise, multiple photons could impact the sensor at the same time
(or during its dead time), keeping the ratio between detected and incident
photons lower of what it should be. The PDP can be calculated as:
PDP = Cout −DC R
OPi n
(5.3)
where Cout is the number counted avalanches at the SPADs, DC R is the SPAD
dark count rate and OPi n is the number of incident optical photons in the SPAD
obtained from a calibrated photodetector. The counts of individual SPADs were
recorded and its valued averaged. In figure 5.12, the PDP is illustrated as a
function of the wavelength at an excess voltage of 0.5 V. The PDP peak is 25 %
and can be found at 470 nm, this value is relatively high taking into account the
low excess voltage and the kind of p-n junction. In the near infrared, the PDP is
still high, in the order of 2.5 % at 900 nm. No further measurements at higher
excess voltages could be performed due to device malfunctioning.
By selecting the devices that can be biased at higher excess voltage without
getting stuck at avalanche, it was possible to take measurements of the PDP
during short periods of time at different excess voltages as figure 5.13 illustrates.
As it was expected, the PDP follows an exponential trend. The exponential fit
of the PDP at its peak, λ= 470nm, reaches a value close to 45 % at 2.5 V excess
voltage. On the other hand, for the λ = 420nm, the exponential fit saturates
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Figure 5.13: Photon detection probability as a function of excess voltage for
PW3V3/DNW SPADs at λ= 420nm (circle) and λ= 470nm (cross).

















Figure 5.14: Counted photons as a functions of incident photons for the implemented
pixel at λ= 420nm and Vex = 3.0V. The dashed line represents the detected photons
(ideal sensor response), star marker represents the estimated detected photons and
square marker represents the simulated detected photons.
emission peak of LSO and LYSO scintillators is centered at this wavelength.
Since it is impossible to activate a significant portion of the SiPM to verify ex-
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Figure 5.15: TDC resolution as a function of bias voltage. Solid lines represents post-
layout simulation results and dashed line stand for experimental data.
to simulate the part of the circuit in charge of counting the photons. To emulate
the random nature of the photon arrival, pseudo-random number generators
were used at each simulation to determine the number of detected photons, the
SPADs at which the photons are absorbed and their arrival time. The simula-
tions were repeated iteratively until the error between the mean simulated value
and the estimated value is less than 5 %. The figure 5.14 illustrates the ideal
response of a sensor only taking into account the PDE with dashed line, the
estimated value of counted photons from the expressions derived in chapter 4
with star markers and results obtained from simulations with square markers. It
can be appreciated that the estimated value from expressions and simulations
lie over the same trajectory. These results suggest that the expressions used
during the architectural exploration are valid, despite this could not be verified
experimentally.
5.4 Time to Digital Characterization
The TDC performance is determinant to obtain the arrival time of visible pho-
tons and, hence, to calculate the ToF of the gamma photons in PET. The charac-
terization of this circuit is mainly carried out with a code density test. Thus, the
non-correlated DCR from few active SPADs can be used as a trigger for the TDC.
The main advantage of this technique is that no input signal is required and
few pad test are saved. However, taking into account the current circumstances,
this decision has reduce the test flexibility considerably. Some parameters, like
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) DNL = +0.37/-0.28 LSB












) INL = +3.9/-6.1 LSB 
Periodicity each 64 codes
Figure 5.16: Differential non-linearity and integral non-linearity of the TDC of the first
512 codes (∼ 50ns). The periodicity at the integral non-linearity could be attributed to
coupling between the ring oscillator and the ripple counter.
because the control signals cannot be introduced in this first prototype.
In figure 5.15, the time resolution of the TDC as a function of the bias voltage
is represented. It can be observed that the differences between the post-layout
simulation results and the experimental data are below 5 %. A time resolution
has a tuning range from 250 to 90 ps, with a maximum power consumption of
1.1 mW. The right side of this characteristic shows a slope of ∼190 ps/V.
The top of figure 5.16 illustrates the differential non-linearity (DNL) as a
function of the output code for one of the TDCs implemented in a pixel when
the time resolution of the converter is ∼ 100ps. The maximum DNL is around
±0.37LSB in a range of 50 ns. The integral non-linearity (INL) is below±6.10LSB
for the same range. Furthermore, the INL has a periodic behavior with a length
of 64 codes, this may suggest the coupling between the ripple counter and the
ring oscillator through supply and substrate. This highlights how critic is to
isolate and put different supplies between the ring oscillator and the rest of the
logic to reduce non-linearities. Future designs must take this into account and
sacrifice some area to separate the supplies. The ring oscillator can be isolated
from the rest of the circuit with deep N-wells.
5.5 Characterization Summay
Along this chapter, PP/NW3V3 and PW3V3/DNW SPADs implemented in 110 nm
CIS technology were characterized. I-V and photoemission characterization
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poly guard-ring acting as an stopping layer of p+ implant. The PW3V3/DNW
SPADs characterization shows that the breakdown voltage is around 18 V with
a small variability, ±0.3V for 400 devices tested. Furthermore, a good overall
performance in terms of PDP ∼ 46 % and DCR 0.4 Hz/µm2 for an excess voltage
of 3 V.
The main issue with the implemented SiPM is related with the inability of
the AQRC to quench the avalanche due to its low quenching resistance. This
leads to a large steady state current, in the order of mA, flowing through the
devices. Such amount of current is unfeasible for large arrays, because of the
voltage drops in the SPADs supply and the excessive device heating.
The time resolution of the TDC is below 100 ps and it agrees with the post-
layout simulations in the whole TDC bias range. The TDC DNL is around
±0.37LSB, while the INL is around ±6.10LSB. Although the INL results are not
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This chapter performs a critical assessment of the achievements of this the-
sis and their connections to the initial global goal. This goal was to design
and characterize a functional proof-of-concept SiPM. This global goal called
for a detailed architectural study, on the one hand, and for the design of the
mixed-signal and logic basic building blocks required for the targeted function,
on the other hand. Technology considerations constrained the quest for this
goal. First of all, while 3D-stacked, hybrid technologies are a priori better suited
for sensory-processing chips, their limited availability and robustness forced
using planar technologies. Second, while standard very large-scale integra-
tion (VLSI) technologies are advantageous in terms of logic operator density,
power and speed, they suffer from having extremely poor SPADs, with DCRs
∼ 50kHz. These considerations motivated the selection of an 110 nm CIS tech-
nology which, as shown in this thesis, enables SPADs with ∼ 50Hz DCR. Still,
the characterization data available from the foundry are not complete regard-
ing SPAD behavior. Also, the foundry does not provide technology parameters
(such as doping profiles) to perform thorough device engineering using TCAD
tools. Some design hypothesis remained hence un-certain until confirmation by
measurement form working silicon. Unfortunately, such experimental charac-
terization highlighted a flaw in the theory sustaining AQRC strategies. Basically,
resistances were incorrectly estimated based on the foundry data, and this re-
sulted in an incorrect control of positive feedback avalanche phenomena. The
re-spinning of the SiPM is hence needed to correct system integration. However,
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6. RESULTS AND DISCUSSION
6.1 Main achievements
Architectural explorations of digital SiPMs have been carried out analytically.
To do so, the key functions that a digital SiPM for ToF-PET must perform were
identified, namely: to detect and count photons, to measure their arrival time,
and to process the scintillation event. Then, optimum points in the design space
were encountered. This search has led to the design of a SiPM for ToF-PET in
a CIS technology. The complete functionality of the prototype could not be
demonstrated under laboratory conditions, due to several flaws in the design of
the AQRC. Still, the underlying problems are identified and the thesis contribu-
tions have been demonstrated valid. These contributions can be grouped into
three different blocks: SPADs, AQRC, and SiPM architectural exploration.
6.1.1 Single Photon Avalanche Diode
Two SPAD structures have been implemented in an 110 nm CIS technology,
whose depletion regions were composed of PP/NW3V3 and PW3V3/DNW layers.
The SPADs were designed as parametric cells to simplify the sizing of the active
area and the guard ring thickness. This has allowed the implementation of
SPADs with different sizes and shapes to study the impact of these parameters
in the performance of the device [128].
The characterization of PP/NW3V3 SPADs points out the presence of PEB,
as was discussed in chapter 2. On the contrary, the SiPM implemented with
PW3V3/DNW SPADs does not suffer from PEB. Characterization shows that
the median DCR is around 0.4 Hz/µm2 with an excess voltage of 3.0 V. Also, the
PDP is estimated to be 45 % at 470 nm with an excess voltage of 3.0 V. These are
promising results for a wide range of applications, like PET, LiDAR or FLIM to
name few.
6.1.2 Active Quenching and Recharge Circuit
Despite the promising performance of PW3V3/DNW structure, the quenching
circuits implemented in the SiPM are not working properly because of the design
approach chosen leads to large avalanche currents, in the order of 1 mA, even
with excess voltages below 1 V. This does not only affect the power consumption,
cross-talk, photoemission and after-pulsing, but also the functionality of the
digital SiPM itself. For this reason, it is impossible to activate a large number of
SPADs at the same time to verify the performance.
This flaw is a consequence of the incorrect estimation of the currents and
the operation principle of the AQRC circuit. This latter relies on the transition
from saturation to cut-off of the quenching transistor used to stop the avalanche.
Therefore, if the quenching transistor does not reach the cut-off state, the cur-
rent through the SPAD can be orders of magnitude higher than the quenching
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6.2. Beyond the PhD
time. The most straightforward solution is to size a quenching transistor longer
than wider. This involves using a transistor with high output impedance in the
saturation state to guarantee that the current through the SPAD is always below
the quenching current. Similar sizing strategies can be found in [70].
6.1.3 Architectural Exploration
The SiPM architectural exploration has helped to identify the basic functional
blocks of a SiPM for a ToF-PET scanner. These blocks support the extraction
of information from a scintillation event to enable the reconstructions of the
LOR and the annihilation point of the positron. On the one hand, the incident
photons must be counted to infer the energy transferred by the gamma photon
during its interaction with the crystal. On the other hand, the arrival time of
these photons allows to estimate the ToF of gamma photons and, hence, their
origin inside the body. Sensitivity is chosen as an optimization figure of merit
for architectural exploration. The variables of the optimization are the SPAD
size, number of sub-pixels, and the number of SPADs per micro-cell. With the
results of the optimization, it is easier for the designer to justify architectural
decisions.
To the best of the author’s knowledge, the state-of-the-art does not include
a similar technique to study the design space of digital SiPM and optimize
its performance. However, this technique has some limitations. On the one
hand, optimization process relies on the selected figure of merit and the design
variables. If the figure of merit does neither have a maximum nor a minimum
for the given variables, the optimization is not possible. On the other hand, this
approach will be eventually overcome by cost-effective 3D-stacked technologies.
In such a scenario, a SPAD custom technology might be used at the top tier, and
deep sub-micron technologies might be employed for the front-end and digital
processing at the second tier.
6.2 Beyond the PhD
6.2.1 Single Photon Avalanche Diode structure
Even though PW3V3/DNW SPADs have a good performance, there is still room
for further improvements. Points calling for further analysis include the impact
of the guard ring size on the DCR, after-pulsing, jitter, cross-talk, and PEB.
Also, the benefits and drawbacks of the biased guard ring structures described
in [66, 129] should be studied.
On the other hand, the PP/NW3V3 SPADs implemented suffer from PEB
which calls for a redesign of the structure. By mistake, the poly layer was ex-
tended up to cover the p+ diffusion, which makes the edge of the depletion
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6. RESULTS AND DISCUSSION
drain-source implants is a common feature call self-aligned gate in silicon-gate
technologies. As a consequence, it was impossible to characterize the SiPM
implemented with these devices. However, once the origin of the problem is
identified, there are still some open questions about the performance of this
structure for SiPM. A priori, this structure must have better PDP at shorter
wavelengths, and smaller jitter than PW3V3/DNW SPADs, as [56] reports.
One of the aspects where more efforts are being made in the design of SiPM
for ToF-PET is in the reduction of CTR. In this sense, the contribution of SPAD
to the overall CTR is not negligible, in the order of 80–200 ps [128]. This means
that there is still a lot of work at the circuit level to achieve the time accuracy
that satisfies the needs of PET community [19].
6.2.2 Quenching and Reset Circuit
The quenching and reset circuit must have a fundamental role in the re-spinning.
The most promising topologies in terms of power consumption and occupied
area are the PQARC, since they control the maximum avalanche current with a
current mirror. On the contrary, an AQRC needs larger quenching transistors
than PQARC to achieve the same avalanche current. Also, these topologies
allow higher excess voltage if cascode transistors are used. This means an
improvement in PDP and jitter, at the cost of increasing the DCR.
6.2.3 Time to Digital Converter
As for TDC, although the implemented topology has a time resolution smaller
than 100 ps, the non-idealities found during characterization provide clues for
enhancements. The occupied area was reduced to keep the fill factor as high as
possible at the expense of increasing substrate and supply noise coupling. The
straightforward solution requires properly de-couple the supplies of the ring
oscillator and the rest of the logic. Also, the substrate of the ring oscillator can
be isolated from the rest of logic with deep n-wells.
For the application to benefit from the improvements in ToF, more accurate
and precise circuits are required, even more than the implemented topology
allows. The industry is pushing towards smaller time resolutions, in the order
of tens of picoseconds. This seems to lead to sub-delay line architectures,
however, the improvements in time resolution often comes at the expense of
long conversion time, high power consumption and occupied area. One of
the more attractive alternatives for future designs could be the local passive
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6.2. Beyond the PhD
6.2.4 New Silicon Photomultiplier
Results of the SiPM characterization have provided a lot of useful information
for future designs. The technology seems to have potential to implement future
designs based on SPADs, since it performs well in PDP and DCR. Owing to the
low DCR, bigger SPADs can be implemented, like the proposed by the optimiza-
tion process, to increase the fill factor and sensitivity. Experimental charac-
terizations also highlight the shortcoming of the proposed design in terms of
testability. In order to reduce these problems, control and test structures must
be added in future design. This, along with the previous improvement, will lead








































































































ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-850a-5af3-75df-4bf9-bd5d-d519-c328-e9be 31/03/2020 09:53:25 Horario peninsular










































































































ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-850a-5af3-75df-4bf9-bd5d-d519-c328-e9be 31/03/2020 09:53:25 Horario peninsular












This thesis represents a contribution to the design of single-photon detectors
for medical applications. The detection of scintillation events, such as those
produced inside of a LSO crystal in a ToF-PET scanner, raises two fundamental
challenges. On the one hand, sensors must be sensitive enough to work in the
single-photon regime. On the other hand, they must measure the arrival time
of these photons with resolution in the picosecond range. In this regard, a SiPM
architecture has been explored to study analytically the design variables that
determine the performance of the sensor. This dissertation addresses different
problems related to this architecture and makes the contributions summarized
in the bullet points listed below.
• Two SPAD structures are selected and implemented to study their perfor-
mance and assess their suitability for ToF-PET. The PP/NW3V3 structure
was expected to have smaller jitter and better PDP for short wavelengths,
thus providing better matching to the scintillator spectrum. However,
the extension of p+ diffusion beneath the polysilicon guard ring leads
to unwanted PEB. As for the PW3V3/DNW structure, the characteriza-
tion has shown a maximum PDP of 46 % and a DCR of 0.4 Hz/µm2 with
and excess voltage of 3 V. All-in-all experimental results indicate that
the employed 110 nm CIS technology is a convenient choice for further
implementations.
• Photo-emission characterization has shown that PEB occurs in PP/NW
structure with a non-uniform pattern, indicating the presence of non-
regular doping. Regarding the PW/DNW structure, it presents a more








































































































ÁMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-850a-5af3-75df-4bf9-bd5d-d519-c328-e9be 31/03/2020 09:53:25 Horario peninsular




of PEB but at higher excess voltage. The glow at the border can be a
consequence of the small guard ring width of 1µm.
• Experimental measurements show that self-sustained avalanches may
occur despite the AQRC being sized to stop them based on models and
data available from the foundry. Such self-sustained avalanches would
result into an experimental power consumption of ∼ 40W per SiPM, and
precluded global characterization. At the conceptual level, the reason for
such behavior might be that the AQRC relies on, first, detecting the avalan-
che and, then, switching off the quenching transistor. Because avalanche
currents can grow to milliamperes, delays in performing the quenching
action must be very short. To that purpose, the quenching transistor must
have a minimum resistance that ensures a passive quenching at any time
and PVT variation.
• During the design of the TDC based on VCROs, two delay stages were
studied: XCP and XCI. The XCI stage provides higher oscillation frequency,
while the XCP stage has a lower phase noise. In terms of TDC performance,
XCI stages have a better FOMTDC than XCP stages, with its smallest value
at 0.3 pJ and 0.5 pJ per conversion, respectively.
• The results of the TDC characterization agree with post-layout simula-
tions, showing a time resolution below 100 ps with a power consumption
of 1.1 mW. The DNL is ±0.4LSB, while the INL is ±6.1LSB. In terms of
TDC performance, there is still room for further improvements. On the
one hand, the DNL and INL can be improved by using a PLL to compen-
sate for PVT variations. On the other hand, experimental measurements
confirm an expectable trade-off between area occupation and substrate
noise coupling. The prototype chip targeted minimum area occupation,
thus placing the ring oscillator very close to the rest of the logic. Closer
assessment of the trade-off is advisable for smaller coupling between the
ring oscillator and the ripple counter.
• Architectural studies explored the design space by following a bottom-
up approach in the quest to determine the dependencies of parameters
like sensitivity, SNR, or linearity, on the one hand, and the number of
SPADs per micro-cell and the number of sub-pixels per pixel, on the other
hand. Besides providing insight into the trade-offs, optimum settings
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